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Abstract 
 
Dense ceramic oxygen separation membranes can pass oxygen perm-selectively at 
elevated temperature and have potential for improving the performance and reducing 
the cost of several industrial processes: such as the conversion of natural gas to 
syngas, or to separate oxygen from air for oxy-fuel combustion in electricity 
generation (to reduce NOx emissions and facilitate CO2 sequestration).  These 
pressure-driven solid state membranes are based on fast oxygen-ion conducting 
ceramics, but also need a compensating flow of electrons.  Dual-phase composites are 
attractive since they provide an extra degree of freedom, compared with single phase 
membranes, for optimising the overall membrane performance. In this study, 
composites containing gadolinia doped ceria (CGO, Ce0.9Gd0.1O2-δ) and either 
strontium-doped lanthanum cobaltite (LSC, La0.9Sr0.1CoO3-δ or La0.6Sr0.4CoO3-δ) or 
silver (Ag) were investigated for possible application as oxygen separation 
membranes in oxy-fuel combustion system.  These should combine the high oxygen 
ion conductivity of CGO with the high electronic conductivity and fast oxygen 
surface exchange of LSC or silver.  
 
Dense mixed-conducting composite materials of LSC/CGO (prepared by powder 
mixing and sintering) and Ag/CGO composites (prepared by silver plus copper oxide 
infiltration method) showed high relative density (above 95%), low background gas 
leakage and also good electrical conduction. The percolation threshold of the 
electronic conducting component was determined to be approximately 20 vol.% for 
both LSC compositions and 14 vol.% for Ag.  Isotopic exchange and depth profiling 
by secondary ion mass spectrometry was used to investigated the oxygen tracer 
diffusion (D*) and surface exchange coefficient (k*) of the composites.  Composites 
just above the electronic percolation threshold exhibited high solid state oxygen 
diffusivity, fast surface exchange activity moderate thermal expansion and sufficient 
mechanical strength thus combining the benefits of their constituent materials. The 
preliminary work on oxygen permeation measurement showed that the reasonable 
magnitude of oxygen fluxes is possible to be achieved.  This indicates that the 
composites of LSC/CGO and Ag/CGO are promising for further development as 
passive oxygen separation membranes. 
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CHAPTER  1  
 
Introduction 
 
1.1 General introduction 
 
1.1.1. The applications of oxygen 
 
Oxygen products are highly in demand for a wide range of applications, including 
industrial, medical, military and aerospace. The medical examples are the use of 
oxygen for emergency life-support systems and long-term therapy of patients with 
respiratory disorders such as pneumonia and the other chronic lung diseases. Safe 
oxygen and oxygen-enriched atmospheres are also required to supply human 
consumption in sealed transport vehicles in military, aviation and aerospace. For these 
breathing and medical proposes, high purity of oxygen (>99% purity) is required.  
 
Oxygen (>95% purity) and oxygen-enriched air are also required in many industrial 
processes. Oxygen is the second-largest volume industrial gas, nearly 100 million 
tonnes of oxygen are used each year [1].  There are numerous industrial processes that 
require oxygen, such as glass making, pulp and paper making, food processing and 
packaging, small scale cutting and welding, gas and water purification, wastewater 
treatment, semiconductor manufacturing and metallurgical, chemical and 
petrochemical productions [2; 3; 4]. In the petrochemical industry, oxygen is required 
in many production processes. The use of pure oxygen can reduce sulphur emissions 
in refinery processes and also reduce viscosity and improve the flow of oil and gas 
which results in an increase in capacity of fluid catalytic cracking plants and 
facilitating the use of heavier feedstock in mixtures. Pure oxygen is also used as a 
precursor to convert natural gas to synthetic gas (syngas includes carbon monoxide, 
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CO and hydrogen, H2) by catalytic partial oxidation process [5]. The syngas is used 
for many commercial applications, for example, it can be used as a fuel to generate 
electricity and an intermediate for the production of methanol used to power fuel cells 
and for the production of liquid fuels. The use of oxygen in combustion processes also 
provides great benefits in both economical and environmental aspects [4; 6; 7]. Using 
oxygen enriched atmospheres in the combustion of hydrocarbon fuels or coal 
gasification results in higher efficiency and lower emissions. This leads to a 
facilitation of waste gas sequestration resulting in a large reduction of nitrogen oxide 
(NOx) and carbon dioxide (CO2) emissions into the atmosphere. The reduction in 
emissions has significant beneficial effects on the environment since CO2 is believed 
to be the fundamental cause of the greenhouse effect leading to undesirable global 
warming. According to the Kyoto protocol, the emissions of greenhouse gases should 
reduce by 5.2 % for the period 2008-2012, compared to 1990 emission levels [8]. As 
oxygen is required for many large-scale clean energy technologies, the market for 
oxygen is set to expand to respond to the environmental legislation.  
 
1.1.2. Production of oxygen 
 
Oxygen (atomic mass, 16) is the most abundant element on earth. It is a component of 
air (~21 vol.%), water, rock, mineral, animal, human body etc. Oxygen can be 
produced as a gas or a liquid by several methods such as chemical decomposition of 
water, electrolysis of water and catalytic decomposition of metallic oxides or salts 
such as hydrogen peroxide, mercuric oxide and potassium chlorate [9; 10].  However, 
currently there are two primary methods used for production of oxygen including the 
separation of oxygen from atmospheric air by the cryogenic technique and by pressure 
and vacuum swing absorptions. 
 
1.1.2.1. Cryogenic technology 
 
The cryogenic method involved the fractional distillation of liquid air at low 
temperature and low pressure [11]. It can produce high purity oxygen (can be > 99% 
purity) and is suitable for large scale manufacturing with over 200 tonnes of oxygen 
per day [12]. In order to produce oxygen from air by the cryogenic technique; air is 
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first compressed to remove water and carbon dioxide. Then the compressed air is 
cooled down until it becomes liquid.  The resulting liquid is mainly a mixture of 
liquid nitrogen and oxygen with different boiling points; liquid nitrogen is -196 ºC, 
and liquid oxygen is -183 ºC, so that when this liquid is fed into the distillation 
column, the oxygen which is more volatile is first separated and then followed by 
nitrogen.  
 
1.1.2.2. Pressure and vacuum swing adsorption technologies 
 
The other methods to separate oxygen from air are pressure swing adsorption (PSA) 
and vacuum swing adsorption (VSA) [13]. These non-cryogenic technologies are 
suitable for small or medium scale applications which do not require very high 
product purity (<95% purity). The basic concept of this method is the adsorption of 
gas on molecular sieve which is made of micro-porous materials. Good examples of 
these adsorbents are alumininosilicate minerals known as zeolites.  The chemical 
composition of a zeolite type which is used for air separation is       
Na12[(AlO2)12(SiO2)12].27H2O. The structure of zeolite is basically like a cage with 
very high internal surface area. When dry high pressure air enters a zeolite bed, 
nitrogen is preferably adsorbed in its structure by physical adsorption whereas oxygen 
and/or argon pass through preferentially. The high surface area of zeolite provides a 
high degree of adsorption per unit volume giving high volume efficiency in 
separation. Due to the saturation of the bed with nitrogen after an interval of 
operation, beds of the absorber always run in pairs. While one bed is producing 
oxygen, the other is being regenerated by depressurisation and flushing with portion 
of the purified oxygen produced from the other bed. The purity of oxygen obtained 
from PSA can be increased up to 99.5% by using a feed without carbon dioxide and 
water vapor combined with an addition of silver to zeolite to increase the nitrogen 
adsorption capacity [14]. 
 
1.1.2.3. Solid state membrane separation technology 
 
A new type of technology to produce oxygen from air is using solid state membrane 
separations. The separation membrane is generally a thin barrier between two 
enclosures which separates a mixture of substances.  This technology was pioneered 
 23 
by Teraoka and et al. at Kyushu University in 1985 [15; 16]. It is based on using a 
gas-tight dense solid state membrane which allows only oxygen ions to permeate 
through at elevated temperature by the presence of a driving force such as an electric 
or pressure differential. The use of membranes provides greater benefits when 
compared with the other conventional technologies. First of all, these gas-tight dense 
membranes can be used to produce extremely high purity oxygen products (can be 
100% pure) at lower cost. Secondly, they are compact and can produce oxygen gas on 
site and on demand very quickly. In addition, membrane separations also can be used 
for the purification of gases and the removal of oxygen from a gas stream or 
enclosure. These advantages make permeation membranes promising for applying in 
many industrial processes that require a continuous supply of pure oxygen or oxygen 
enriched air. Furthermore, due to their high temperature stabilities and flexible 
designs, separation membranes are highly suitable for integration with other catalysis 
conversion and energy conversion technologies such as nitric acid production [17], 
conversion of hydrocarbon [5; 18; 19], coal gasification and oxy-fuel combustion     
[1; 20].  Due to enormous potential applications of dense solid state oxygen separation 
membranes (e.g. in oxygen pumps, oxygen generators and catalytic membrane 
reactors), extensive efforts from many research institutes, universities and industrial 
companies have focused on developing of these membranes to be available for 
commercial utilisation [21; 22; 23]. In the USA, Air Products and Ceramatec, together 
with US Department of Energy and other partners, have been developing,  upscaling 
and commercialising ion-conduction membrane technology for oxygen separation and 
syngas production [23].  
  
1.2. Integration of oxygen separation membranes in industrial processes 
 
In the past decade, the uses of solid state membranes in large-scale processes such as 
combustion and chemical production have received a great interest because of their 
distinct advantages. Although a cryogenic air separation unit can also be integrated 
with large-scale conversion technologies to increase the process efficiencies and 
reduce the emissions, it is unlikely to be the best option because of the complexity, 
high cost and high energy consumption. Coupling a cryogenic air separation unit at 
the front end of coal gasifier or oxy-fuel power plants could possibly reduce power 
generation efficiencies from current best practice of around 30-40%, in addition, 
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operation of the cryogenic unit is estimated to consume about 15% of the electrical 
output of the power station [1]. The integration of separation membranes with these 
conversion processes provides more benefits; it can cut down the energy demand and 
the production cost by eliminating the need for expensive cryogenic oxygen 
production plant. It is estimated that integrating the separation membranes in coal 
power generation could reduce oxygen energy costs by 35% or more as compared to 
conventional oxygen processes [1]. Among many large-scale conversion technologies, 
particular interest focuses on the integration of separation membranes into the partial 
oxidation of methane to syngas and the oxy-fuel combustion. 
 
1.2.1. Membrane reactor for syngas production 
 
In petrochemical industries, the solid state membrane can be applied in many 
processes of selective oxidation of light hydrocarbons such as the oxidative coupling 
of methane to ethylene/ethane, the selective dehydrogenation of propane to propylene, 
the partial oxidation of heptane to hydrogen and, of particular interest, the partial 
oxidation of ethane and methane to value-added products such as ethylene and syngas 
[5; 18; 19]. Syngas is a commercially valuable gaseous product and is used as a 
precursor for many applications in petrochemical and metallurgical industries. For 
example, it can be used for production of liquid feeds such as methanol by the 
Fischer-Tropsch process (stream reforming and/or partial oxidation). In the past 
decade, the demands for methanol and syngas have been increased significantly since 
methanol and hydrogen can be used as fuels to generate electricity in polymer 
electrolyte membrane fuel cells (PEMFCs) [4]. 
 
The use of dense solid state membranes in the conversion of natural gas to syngas 
process by combining air separation and high-temperature catalytic partial oxidation 
in one single reactor can impressively reduce the cost of production which could be 
lower than 40% of the cost of existing technologies [4]. This is due to the reduction of 
energy demands from endothermic reactions. In syngas membrane reactor (Figure 
1.1), air passes though the inside of the membrane and methane flows over the 
outside. At high operating temperature, oxygen ions separated from air migrate 
through to the fuel side and then react with the methane to generate carbon monoxide 
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and hydrogen gas. As the exothermic reaction from high-temperature catalytic partial 
oxidation can be used to operate the solid state membrane, an external energy supply 
is not required by the membrane reactor, besides this, the use of membranes in this 
process is also profitable in avoiding the premixing of the precursor gases (oxygen 
and natural gas) and reducing the creation of hot spots as occurs in a conventional co-
feed reactor. The use of a single syngas membrane reactor was reported to provide a 
high methane conversional efficiency at ~98 % and high CO selectivity at ~96% [24]. 
Despite these benefits, a major concern for the use of oxygen permeation membrane 
in the syngas production is the structural stability of membrane materials. This is 
because in syngas production; the membrane is operated under severe reducing 
environment on the methane side at elevated temperatures. This often leads to the 
decomposition of the surface exposed to the reducing atmosphere and structural 
failure after long-term operation [5]. Therefore, a major challenge is to develop 
membrane materials that can withstand such reducing conditions to make membrane 
reactors for syngas production an industrial reality. 
 
 Air side: 
−− →+ 22 24 OeO  
Fuel side: 
2
2
4 242 HCOeOCH ++→+
−−
 
Overall reaction: 
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1
4 2HCOOCH +→+  
 
Figure 1.1. Schematic representing of oxygen permeation membrane used in syngas partial 
oxidation reactor [25]. 
 
1.2.2. Membranes in oxy-fuel combustion systems 
Dense solid state membranes can also be applied in oxy-fuel combustion power cycles 
of natural gas or coal. In this process, oxygen separated from air by dense solid state 
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membranes is used as the fuel oxidising agent instead of air. Therefore, the fluids 
leaving the process are only condensed water and a gas stream of mainly carbon 
dioxide gas (CO2).  This can facilitate CO2 sequestration by avoiding producing a 
nitrogen-rich nitrogen-carbon dioxide mixture which is difficult and costly to 
separate. Figure 1.2 presents a schematic of a new concept of zero emission power 
generation by integration of an oxygen separation membrane with the power 
generation system. The basic concept of this is similar to conventional gas turbine 
power generation, but the difference is in the core reactor. In this plant, the 
combustion chamber is integrated directly with an oxygen separation membrane [23]. 
The process starts when the compressed air enters the feed side of the combustion 
reactor, then oxygen separated from air reacts with natural gas at the permeate side of 
the membrane. The heat generated from this combustion provides the required heat to 
activate the membrane to be able to operate.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. The integration of oxygen separation membrane with the power generation, 
adapted from [20]. 
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As can be seen in Figure 1.2, there are two fluids leaving the combustion chamber, 
one is oxygen depleted air from the feed side and another is a stream of H2O and CO2 
from the permeate side. The stream of oxygen depleted air will drive the turbine and 
then exhausted gas from this process will be employed for additional power 
generation in a bottoming cycle. At the permeate side, H2O and CO2 are partly re-
circulated into the reactor and expanded in the sweep turbine for additional power 
generation. After that H2O will be condensed into water and CO2 will be captured at 
the end of the processes. This concept enables 100% CO2 recovery and NOx level to 
be lower than 1 ppm [26]. 
To make this system available in commercial uses, the membrane must produce a 
high oxygen flux at temperature between 600-700 ºC in order to reduce the large 
energy penalty due to heating high air volume to operate the membrane (current 
separation membranes generally deliver high oxygen flux at temperature above       
900 ºC), additionally, the membrane must be resistant to the effects of CO2, H2O and 
CH4 in the permeate side. However, compared to the syngas production, the 
integration of the separation membrane into the oxy-fuel process is more feasible and 
more beneficial due to the more oxidising operating conditions. An alternative 
arrangement is to separate the oxygen from air before mixing with fuel in the 
combustor. 
1.3. Oxygen membrane separation technology  
The solid state membranes for oxygen separations can be classified by driving force 
into two categories: electrically driven and pressure driven devices. The different 
membrane concepts are schematically shown in Figure 1.3. 
 
1.3.1. Electrically driven devices 
The basic concept of operation of electronically driven devices is like a reversed 
process of solid oxide fuel cells (SOFCs) [27]. While the SOFCs are supplied by air 
and fuel to generate electricity, the electrically driven membranes are supplied by air 
and electricity to produce pure oxygen. The cell systems of electrically driven devices 
are also closely similar to SOFCs. They consist of a porous supported cathode, a thin 
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membrane electrolyte which is fabricated from oxygen ion conductors with very low 
electron conductivity and an anode. The operation process starts when electrical 
potential from the external circuit is applied across the electrolyte membrane via the 
electrodes. Oxygen flowing though a porous cathode is dissociated and reduced to 
oxygen ions and then transports through the dense electrolyte to the anode. At the 
anode, oxygen ions are oxidised and then recombined to generate pure oxygen. 
 
 
 
 
     
  (a)          (b)       (c) 
Figure 1.3. Schematic representation of oxygen separation membranes (a) Electrically 
driven device, (b) Single phase pressure driven device and (c) Dual phase pressure driven 
device.  
 
The flux of oxygen produced by an electrically driven device is found to depend on 
the applied current passing through the electrolyte membrane. Generally, an ampere 
of applied current can generate 3.5 ml of flux of oxygen per minute at STP (2.6 × 10-6 
mol of oxygen per second) [2]. The oxygen flux through the membrane can be 
increased by either increasing the applied voltage across the membrane or lowering 
the membrane’s resistance. The different contributions to the overall voltage can be 
expressed as: 
Eq. 1.1  Vapp = iRelectrolyte + ηcathode + ηanode + iRcontacts      
 
Where Vapp is overall applied voltage, iRelectrolyte is ohmic loss in the electrolyte, 
iRcontacts is ohmic loss in the electrodes and interconnections and ηcathode and ηanode are 
polarization losses at cathode and anode, respectively.
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materials and thickness and conductivity of electrolyte.  Since the flux of oxygen can 
be controlled by raising the applied electrical potential, large fluxes of oxygen are 
possible from electrically driven devices.
  
As the designs of SOFCs and electronically driven devices are similar, the research 
and development in the materials for these have been conducted extensively. 
However, the disadvantages of these types of devices are also similar to those of 
SOFCs; in particular problems of incompatibility of the various components at high 
operating temperature for long terms. In addition, the requirement of external current 
supply and the complexity of the control system are also major challenges for making 
electrically driven devices available for commercialization.  
 
1.3.2. Pressure driven devices 
 
The solid state membranes of pressure driven devices are based on mixed ionic-
electronic conductors (MIEC) which provide simultaneously high oxygen-ionic and 
electronic conductivities. This can be either single phase or dual phase composite 
materials (as presented in Figure 1.3). The concept of mixed conducting solid oxides 
for semi-permeable membranes was postulated by Cales and Baumard who proposed 
using calcia-stabilized zirconia (operating at 2100 K (1827 ºC)) [28]. In these types of 
devices, oxygen permeates through the membrane by the driving force of different 
partial pressure of oxygen applied across the membrane at high temperature [29]. The 
process of separation starts at the surface on the feed side, here molecular oxygen 
with high partial pressure is dissociated and ionised (reduced) at the oxide surface 
becoming oxygen ions. Then the oxygen ions diffuse into the oxide via lattice defect 
sites.  The flux of oxygen ions is balanced by a flux of electronic charge carriers and 
exits at the low pressure side. There the individual oxygen ions release electrons to 
form oxygen molecules in the permeate side. As a result of their ability to conduct 
both oxygen ions and electronic species, this type of device can operate without 
external electrical circuitry and electrodes attached to the oxide surfaces. Due to their 
advantages in the simplicity of design and a lower operation cost, pressure driven 
devices using dense mixed conductive ceramic membranes seem to be more 
promising for practical applications than electrically driven devices.  
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1.3.3. Membrane configurations 
The oxygen permeation membrane cells can be constructed into planar (disc or plate), 
tubular (tube or hollow fibre), or multichannel monolithic (honeycomb) structures 
(Figure 1.4 (a)). For example, in syngas reactor, the dense membrane material is 
shaped into a hollow tube reactor in order to increase the surface area and facilitate 
the gas flows, as illustrated in Figure 1.1. For commercial uses, the membrane cells 
are usually combined into modules in order to have a large effective surface area per 
unit volume and high packing density [30].  Figure 1.4 (b) illustrates a hollow fibre 
membrane module and plate membrane modules constructed into a stack are shown in 
Figure 1.4 (c).  
 
 
 
 
 
 
 
 
Figure 1.4  (a) a variety of oxygen separation membrane configurations [31], (b) a hollow 
fibre module [32] and (c) a multiple planar cell stack [33]. 
 
1.3.4. Technological challenges 
Although, the uses of solid state oxygen separation membranes have potential 
advantages, these technologies are still in the early stage and need to be developed 
before widespread commercial utilisation. In terms of materials development, many 
technological challenges remain to be solved. Key issues include the development of 
 
b) 
 
c) 
 
a) 
Step 1: 
submodule 
construction 
Step 2: 
module  
construction 
 
12 wafer 
submodule 
 31 
membrane materials with required performance characteristics e.g. high oxygen 
permeability, stability and mechanical strength.  In terms of oxygen flux, it has been 
estimated from the economic point of view that for application viability, the oxygen 
flux through the solid state membrane needs to be least 7.44 × 10-7 mol.cm-2.s-1 (1 ml 
(STP).cm-2.min-1), although a magnitude of 2.60 × 10-6 mol.cm-2.s-1 (3.5 ml (STP).     
cm-2.min-1) would be necessary to match the requirements of the intended 
technological application [34; 35; 36]. Another goal is to reduce the operating 
temperature of the separation membranes; typically the currently favoured membrane 
materials deliver high oxygen fluxes at temperature above 900 ºC. This high operating 
temperature leads an undesirable process energy penalty and also issues related to 
membrane stability and compatibility with respect to other components, especially 
with the sealing materials. Therefore, to meet the industrial requirements, it is 
necessary to reduce the operating temperature (< 700 ºC) while maintaining the high 
oxygen fluxes. Mechanical reliability and chemical and thermal stabilities of the 
membrane materials after long term operation in large chemical potential gradients 
are also major barriers. For practical application, the membranes must be robust and 
be able to withstand real process conditions, such as in strongly reducing 
environments as would occur in partial oxidation reactor, for at least 2-3 years without 
failure. In addition the membrane materials must have sufficient chemical stability 
and match thermal expansion with other components they contact. It might be 
difficult for single phase membranes to meet all these requirements because typically 
single phase membranes with high oxygen fluxes suffer from mechanical and 
chemical instabilities in reducing environments. Hence dual-phase composite 
membranes made of oxygen ionic and electronic conducting materials might be a 
better choice since they provide an extra degree of freedom for optimising the overall 
performance by yielding the benefits from the constituent phases. The final challenge 
that needs to be overcome before the commercial uses of the oxygen separation 
membrane technology is to make the membranes affordable; this could be solved by 
developing new low cost materials with acceptable performance and also the 
developing economic membrane fabrication technology. 
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1.4. Aims of this study   
 
The aim of this study is to investigate new mixed ionic-electronic conducting 
composite materials with high oxygen permeability and high stability for use as 
pressure driven oxygen separation membranes in oxy-fuel combustion system. This 
includes preparing and fabricating mixed ionic-electronic conducting composite 
materials with fast ionic conduction by minimising the volume fraction of the 
electronic phase while maintaining sufficient electronic conductivity and also 
investigating various properties of the composite materials including; electrical 
conductivity, thermo-mechanical properties, mechanical strength, oxygen diffusivity, 
surface exchange kinetics and oxygen permeability. 
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CHAPTER  2  
 
Literature review 
 
2.1. Oxygen transport mechanisms  
 
Oxygen transport through a dense mixed ionic-electronic conducting membrane by 
the driving force of the oxygen partial pressure typically involves five steps [1; 30; 
37] including (Figure 2.5): (1) the mass transfer of gaseous oxygen from the gas 
stream to the membrane surface at the high pressure side; (2) the surface exchange 
reaction on the high pressure side interface (adsorption and dissociation of oxygen 
molecule, charge transfer and incorporation of oxygen ions into the bulk); (3) the 
solid state bulk diffusion across the membrane (transport of oxygen ions and charge 
compensation by electron) (4) the surface-exchange reaction on the low pressure side 
interface (association of oxygen ions and desorption of oxygen molecules) and (5) the 
mass transfer of oxygen from the membrane surface to the gas stream at low pressure 
side. 
 
 
 
 
 
 
 
 
 
Figure 2.5. The processes involved in the oxygen transport to the mixed conduction 
membrane imposed to an oxygen partial pressure difference, '
2OP > 
''
2OP . 
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The slowest step among these will be the rate determining step. In general, the mass 
transfer processes in steps 1 and 5 are relatively fast compared to the other steps 
because the resistances within the gas phase are usually small and can be considered 
to be negligible [30]. Therefore, only the bulk solid state diffusion (transport of oxide 
ions and electrons/electron holes within the bulk of membrane) and surface exchange 
reactions on either side of the membrane steps are considered to limit the overall rate 
of oxygen permeation. Figure 2.5 also shows the drop in chemical potential in the 
bulk and adjacent interfacial zones emphasising that both bulk transport and surface 
reaction of oxygen can limit the overall oxygen permeation process and either of these 
can be rate determining depending on which process has the highest resistance [29].  
In general, for a relatively thick membrane in which its thickness is higher than a 
certain characteristic limiting thickness, Lc (this parameter will be discussed later in 
section 2.1.2), the oxygen permeation flux through this membrane is predominately 
controlled by bulk diffusion. Conversely, for a membrane with very high conductance 
thinner than the characteristic limiting thickness, the magnitude of oxygen flux is 
limited by the surface exchange reaction processes. 
 
2.1.1. General transport equations 
 
The driving force (E, electromotive force (EMF)) for oxygen permeation can be 
expressed by the Nernst equation as: 
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where F is Faraday’s constant (96485 C. mol-1), T is absolute temperature, R is the 
ideal gas constant (8.3145 J.K-1.mol-1) and '
2OP  and 
''
2OP  are the oxygen partial 
pressures at the membrane feed and permeate sides, respectively. The ionic 
conductivity (σi) of mixed conductors can be expressed by the Nernst-Einstein 
equation as: 
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Where Dself is the self-diffusion coefficient of the oxygen ions,  z is the number of 
electronic charges of the charge carrier (2 for O2-) and Co is the concentration of oxide 
ions in the material (mol per unit volume, mol/cm3) which can be calculated using this 
equation: 
Eq. 2.4     
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Where n is the number oxygen atoms in the unit cell, NA is the Avogadro’s number 
which is 6.022 × 1023 atom.mol-1 and V is the unit cell volume (cm3). 
 
2.1.1.1.   Bulk diffusion  
 
2.1.1.1.1. Mass transport by diffusion  
 
Diffusion is the movement of molecules from a region of high concentration to a 
region of low concentration.  The diffusion process occurs when there are gradients in 
potentials (chemical or electrochemical gradients) and also when the diffusing species 
have sufficient mobility. The mobility of atom is determined by the crystal structure, 
composition, temperature and defect structure of the material. Diffusion in a 
concentration gradient can be described by Fick’s first law (Eq. 2.5) and second law 
(Eq. 2.6) [38], under specific geometric and concentration boundary condition 
determined by the experiment configuration. The diffusion coefficient or diffusivity, 
D, can be obtained in a steady state from the solution of Fick’s first law and the 
equation (in one dimension) is given by: 
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Where J is the flux density of particles (number per unit area per unit time) at the 
steady state and J is proportional to the concentration gradient dC/dx, where C is 
density of particles (number per unit volume) and x is a spatial co-ordinate. Fick’s 
second law is applied when steady state conditions can not be achieved (the 
concentration changes as a function of time, t) and the equation is given by: 
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D, typically in a unit of cm2/s, is material property which is dependent on temperature 
and composition. D can be used to characterise the rate of mass diffusive transport in 
materials. It is difficult to directly measure oxygen self-diffusion coefficient (Dself) in 
oxide materials. In practice, the oxygen tracer diffusion coefficient (D*) is more 
commonly measured by introducing chemically identical tracers e.g. radio- or mass- 
isotopes to the host materials followed by detecting the movement of the tracers using 
analytical techniques. D* is typically less than Dself. The relation between D* and Dself 
is given by the following equation; 
 
Eq. 2.7                                           D* = f Dself                       
 
Where f is the correlation factor depending on the details of the atomic diffusion 
mechanism. f  has the values of 0.781 for the vacancy diffusion mechanism in the 
FCC and HCP structures, 0.721 for the BCC structure [39] and 0.69 for the 
perovskite-type structure [40]. 
 
For a mixed conductive membrane in which the oxygen flux density jO2 (mol.s-1.cm-2) is 
controlled by bulk diffusion (the surface reactions are neglected). The oxygen flux jO2 
can be expressed according to Wagner theory as: [41] 
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Where L is the membrane thickness, σe is electronic conductivity and σamb is 
ambipolar conductivity and is given by: 
 
Eq. 2.9            
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In case of a mixed conductor with electronic conductive predominating, the ionic 
conductivity of a membrane material is much less than the electronic conductivity, 
i.e., σe >> σi, therefore σamb ≈ σi [23]:  
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As can be seen from the above equations, the rate at which oxygen diffuses through 
the oxide depends on the gradient of oxygen pressure. The specific oxygen 
permeability, JO2 (mol.s-1.cm-1) can be calculated from the permeation flux density 
(jO2) as below:  
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This parameter is independent of the membrane thickness and oxygen pressure 
difference and only depends on the ionic conductivity of material and temperature.  
 
The oxygen fluxes, jO2, through the mixed conducting composite membranes (in 
which σe >> σi and the oxygen flux is controlled by bulk diffusion) can also be 
calculated based on the tracer diffusion coefficients, D* (defined as D* = f Dself,     
Eq. 2.7), by substitution of the Nernst-Einstein equation (Eq. 2.3) for σi to the Wagner 
expression (Eq. 2.10). Hence, the modified Wagner expression for oxygen permeation 
flux (mol.s-1.cm-2), is given as [42]: 
Eq. 2.12   
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2.1.1.2. Surface-exchange reaction 
The second factor influencing the rate of oxygen flux is the surface reaction rate. At 
the interface between gas and solid state membrane (feed side), the surface reaction 
involves many steps including: adsorption, dissociation, charge transfer, surface 
diffusion of intermediate surface species (e.g. Oad, O2-ad, O-ad, O2-ad) and then 
incorporation into a vacancy of oxide layer. The overall reaction of the oxygen 
surface reaction can be expressed by using Kröger-Vink notation as [34]: 
 
Eq. 2.13                    xoO OeVO =++ •• '2221     
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and the equilibrium constant can be given as: 
 
Eq. 2.14   [ ] ( )2122 OpVnK O••=  
 
 
The surface reaction rate constant, k, may be defined in terms of chemical potential, 
µ , as: 
 
Eq. 2.15       ))()(( 222 OOkjO sg µµ −=  
 
and  
 
Eq. 2.16   
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Where µg(O2) and µ s(O2) are the chemical potential of oxygen in gas and solid phases, 
respectively. 
 
The reaction path (Eq. 2.13) may involve a number of possible steps including:   
 
Eq.2.17  ÚOSO adadg )(2)(2 ↔+   (adsorption)   
  
Eq.2.18  ' )(2)(2 ' adad OeO ↔+    (charge transfer)  
  
Eq.2.19  ' )(' )(2 2' adadad OSeO ↔++   (dissociation)   
  
Eq.2.20  '' )(' )( ' adad OeO ↔+     (dissociation)   
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Where S denotes a surface site that will accept adsorbed species. Any of these 
reaction steps (or others) may be rate determining. When the interfacial surface 
reactions are taken into account, the oxygen flux (from The modified Wagner 
expression (Eq. 2.12) is reduced by a factor 1/(1+(2Lc/L)) and can be expressed as 
[42]: 
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Where LC is a certain characteristic limiting thickness and for small oxygen partial 
pressure gradients, the critical thickness, LC, is determined by the ratio of oxygen 
diffusion coefficient Dself and surface reaction rate constant, k, which is approximately 
equal to the ratio of tracer oxygen diffusion coefficient D* and tracer surface 
exchange constant, k*. 
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Where n is the order of reaction for the gaseous species (surface reaction) and γ is a 
thermodynamic factor: 
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Based on above equation given by Steele (Eq. 2 22), Atkinson and Ramos [43] 
proposed that the steady state oxygen flux density, jO,  (oxygen atoms per unit area 
per unit time) through a MIEC membrane can be given by the expression:  
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Eq. 2.27   
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where VMO is the volume of oxide containing 1 gram atom (1 mol) of oxygen, k1 and 
k2 are the surface reaction rate constants (cm.s-1) for the reactions of oxygen at the 
membrane surfaces (feed and permeate sides, respectively) and f  is the correlation 
factor (see Eq. 2.7). For fluorite oxide, (CGO and probably the composites, in this 
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present study), D* is independent of Po2, and for dissociation of O2 (Eq. 2.14), 
2
1
2O
Pk ∝ , so n=1/2 and therefore γ >> 1 so that k = k*. By assuming that ∗∗ = 21 kk , then 
the flux jO through CGO membrane can be expressed as: 
Eq. 2.28   
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and 
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For perovskite oxide material, La1Sr1-xCoO3-δ (LSC), Berenov et al. [44] have 
reported that, D* of LSC increases as Po2 decreases as:   
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where ∗ )1(D is diffusion coefficient at 1 atm Po2 then: 
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and therefore ∗D  for LSC is given as: 
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It also has been reported by Berenov et al. [44] that k* of LSC changes with Po2, but 
no clear functional relationship was found. Hence, by assuming that k* is constant the 
flux jO though LSC membrane can be expressed by substitution of ∗D  (Eq. 2.32) 
and k* in Eq. 2.26.  
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2.1.2. The improvement of membrane performance 
The oxygen flux through the membrane can be enhanced by improving the bulk 
diffusion and surface reaction processes. One of the key factors to improve the surface 
reaction process is to increase the rate of oxygen molecules being absorbed onto the 
solid interface.  However, a very high rate of oxygen adsorption is not usually 
favoured in high temperature gas/solid reactions. For example at the pressure of 1 bar 
and temperature 1000 K, approximately 1 in 106 of oxygen gas molecules striking the 
high pressure surface have to be adsorbed and incorporated by the surface reaction in 
order to attain a membrane flux of 2.6 × 10-6 mol O2.s-1.cm-2 (1.56 × 1018 molecules 
O2 s-1.cm-2) [42]. The high demand of oxygen absorption at high temperature is a 
reason that the surface reaction can often limit the oxygen permeation flux through 
the membrane [42]. Interfacial activity can be increased by either dispersing catalysts 
such as metallic Pt and/or praseodymium oxide on the membrane surface [45] or 
modifying the surface microstructure by fabricating the membrane from nanosized 
composite materials [46], coating the membrane with a graded porous ceramic       
[47; 48] or controlling the average grain size of the membrane by introducing a grain 
growth inhibitor e.g. MgO. [49]. However, the surface modification of membranes 
must be considered carefully because it might lead to the degradation of membrane 
due to chemical instability problems. For example, deposition of a porous catalyst 
layer of platinum onto the surface of SrFe(Al)O3-δ–SrAl2O4 composites caused 
decomposition of the membrane when the membrane was exposed to the reducing 
environment [50].  
The other way to increase the flux of oxygen is by reducing the membrane resistance 
which can be achieved either by raising the ionic conductivity of the membrane 
materials or making the membrane thinner. The ionic conductivity can be increased 
by increasing the concentration and/or mobility of mobile oxygen defects which can 
often be achieved by doping aliovalent materials into the host materials. Alternatively, 
the membrane resistance can be reduced by reducing membrane thickness; however, 
there is a limitation. In general, for a thick membrane, the oxygen flux will increase 
when the membrane thickness decreases. The oxygen flux will increase until the 
membrane thickness becomes less than a certain characteristic limiting thickness, Lc 
defined as D*/k* (Eq. 2.23), beyond which point, the flux is independent of 
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membrane thickness. This is because when the thickness of the membrane is reduced 
to below Lc, the rate determining step for oxygen permeation becomes the surface 
oxygen reaction. Therefore, the kinetics of oxygen surface reaction will eventually 
limit the flux of oxygen through a thin membrane.  
 
The value of Lc depends on materials and environmental parameters such as 
composition, temperature and oxygen partial pressure. It may vary between the 
micron range and the millimeter range (20 to 3000 µm [51]). Generally, the value of 
Lc ranges from 100 to 300 micrometers in many common oxygen separation 
membrane materials [1; 2]. For these reasons, decreasing membrane thickness until it 
approaches Lc is necessary in order to increase oxygen permeation. However, thin 
membranes might have not sufficiently physical strength to support themselves. To 
achieve the required thickness and mechanical strength it is often necessary for a 
dense thin membrane to be supported by a robust and porous support (asymmetric 
membrane). Several methods have been used to fabricate dense thin membranes with 
porous supports such as sputtering, spray or slip coating, and immersion-induced 
phase inversion techniques [52; 53]. The major concerns for the asymmetric 
membrane are the complicated fabrication process and possible incompatibility 
between the porous support layer and the dense thin membrane made of different 
materials. The incompatibility issue might cause problems of membrane degradation 
due to chemical segregation or membrane failure induced by thermal stress due to a 
mismatch in thermal expansion behavior of different materials. Using the porous 
support layer and thin dense membrane made from the same material might be a way 
to resolve these problems [54]. Watanabe et al. reported an asymmetric-structured 
membrane in which a dense thin La0.6Ca0.4CoO3 layer of 10 µm (at this thickness, 
oxygen permeation through membranes was controlled by both bulk diffusion and 
surface reaction) deposited on porous La0.6Ca0.4CoO3 support by a slurry dropping 
method. This structure showed very impressive oxygen permeation flux. The 
maximum flux of 3.54 × 10− 6 mol.cm− 2.s− 1 (4.77 cm3 (STP).min− 1.cm− 2) was 
obtained at 930 ºC with air on one side and He on the other which is about four times 
higher than that of the flux obtained from a conventional sintered disc-type membrane 
(1.2 mm) of the same material [53; 55]. 
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2.2. Materials for Oxygen separation membranes 
 
2.2.1. Structure of ceramic membranes    
 
The key proprieties of potential membrane materials are dependent on the material 
compositions and structures. In general, membrane materials must possess fast 
oxygen ion-conduction and compensation of flowing electrons. Consequently, doped 
fluorite, perovskite-related and K2NiF4-type oxide materials have been widely 
considered for use as separation membranes. This is because the structures of these 
materials (see Figure 2.6) are able to sustain a high degree of substitution and 
consequent oxygen non-stoichiometry making them have a high concentration of 
mobile oxygen vacancies in the lattice structure resulting in high oxygen ionic or 
mixed ionic and electronic conductivities.  
 
     (a)     (b)      (c) 
 
Figure 2.6 The structures of common ion-conducting oxides (a) Fluorite oxide structure 
(AO2), where the red spheres represent the A-cation sites and the blue spheres are oxygen 
sites, (b) Perovskite structure (ABO3), the red sphere represents the A-cation, the green 
spheres represent the B-cations, and the blue spheres are oxygen ions. (c) K2NiF4 type 
structure (A2BO4+δ), where the red spheres represent B-cations, the blue spheres represent 
oxygen ions, and the yellow spheres are A-cations [56].  
 
 
Fluorite oxide structure consists of a simple cubic oxygen lattice with alternate body 
centers occupied by eight-coordinated cations [56]. The general formula of a fluorite 
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oxide is AO2 where A is a large tetravalent cation e.g. Zr4+ or Ce4+. High ionic 
conductivity of these oxides can be obtained by substituting (doping) host tetravalent 
cations with lower valence cations e.g. Y3+ or Gd3+. As a result, oxygen vacancies are 
formed to maintain overall charge neutrality and this allows oxygen ions to migrate 
via the equivalent oxygen vacancy sites. Good examples of such materials are yttria-
stabilized zirconia (Zr1-xYxO2-δ, YSZ) and gadolinia doped ceria (Ce1-xGdxO2-δ, CGO). 
However, their electronic conductivities tend to be low because of the stable valency 
of the cation. 
 
The general formula of perovskite oxide structure is ABO3, where A is typically a 
large cation e.g. La, Ca, Sr or Ba and B is usually smaller and a transition metal cation 
e.g. Fe, Co, Ni or Cu.  The perovskite oxide lattice consists of corner-sharing BO6 
octrahedra with A-site cations locate in the interstitial between the BO6 octahedral and 
are 12-coordinated by the oxygen anions. The lattice is often distorted from the ideal 
cubic symmetry. High oxygen ion conductivity can be induced by substituting lower 
valence cations on the two cation A and B sites. Examples of well known perovskite 
oxides for oxygen separation membranes are lanthanum cobaltites, LaxSr1−xCoO3−δ 
(LSC), LaxSr1−xCoyFe1-yO3−δ (LSCF), and BaxSr1−xCoyFe1-yO3−δ (BSCF). 
 
K2NiF4-type oxides are perovskite-related oxides with general formula of A2BO4+δ. In 
this structure, there are layers of perovskite (ABO3) separated by rock-salt (AO) 
layers. This not only allows the migration of oxygen ions through oxygen vacancies in 
its perovskite layers, but also allows the incorporation of excess oxygen, so that 
interstitial oxygen ions can diffuse along the rock-salt AO layers providing high 
oxygen ion conductivity. Examples of such materials are La2Ni0.8Cu0.2O4+δ and 
Pr2NiO4+δ. 
 
2.2.2. Types of solid state membranes  
 
Oxygen separation membranes can be either made of single phase oxide mixed-ionic 
and electronic conductors or multi-phase composites of separate ionic and electronic 
conducting phases.  
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2.2.2.1. Single phase membranes  
 
Since the discovery by Teraoka et al. that the non-stoichiometric perovskite oxides of 
the family La1Sr1-xCo1Fe1-yO3-δ (LSCF) provided high oxygen flux about 2–4 orders 
of magnitude higher than that of stabilized zirconia at similar temperatures, many 
investigations of mixed conductive membranes have been reported subsequently. For 
single phase perovskite oxide materials, many groups have been focused on             
(A, Ln)(B) O3-δ  where A is Sr or Ba, Ln represents the rare earth elements e.g. La, Pr 
or Nd and B is transition metals e.g. Co, Cr, Mn, Ni, Cu, Ga, Al, Ti or Fe. The 
membranes fabricated from perovskite materials such as La0.3Sr0.7CoO3−δ [50],  
La0.6Ca0.4CoO3 [53],  La0.5Sr0.5FeO3-δ [57], La0.6Sr0.4Co0.2Fe0.8O3-δ [58; 59], 
La0.6Sr0.4Fe0.9Ga0.1O3–δ [49; 60], BaCo0.4Fe0.4Zr0.2O3−δ [19; 61], 
Ba0.5Sr0.5Co0.8Fe0.2O3−δ and SrCo0.8Fe0.2O3-δ [62] were reported to exhibit satisfactory 
oxygen permeation fluxes of the order of 10-7-10-6 mol.s-1.cm-2 at acceptable working 
temperature. However, mechanical and chemical instabilities of these single phase 
perovskite-related oxide membranes are a major concern for practical applications. In 
general, materials with high ionic conductivity giving high oxygen permeation fluxes 
tend to have thermodynamic and/or dimensional instabilities at high temperature or 
under large oxygen chemical potential gradient. For instance, in the partial oxidation 
process of methane to syngas, at the oxygen-lean side, single phase perovskite 
membranes with alkaline earths on the A-site may react with gaseous species such as 
CO2 resulting in a decrease of oxygen permeation flux with time. Furthermore, the 
transition metal cations lead to strong changes in oxygen stoichiometry with 
temperature and oxygen activity resulting in chemical expansion and abnormally high 
apparent thermal expansion.  Such problems as high thermal expansion, oxygen 
ordering and compositional alteration lead to a deterioration of membrane 
performance and ultimately breakdown of a device [63].  These limitations restrain 
the use of perovskite membranes in industrial processes such as in reforming 
processes where the membranes are operated in severe reducing condition on one 
side. They should be better for pressure driven oxygen separation for oxy-fuel 
combustion process; however, the reaction at the feed side between A-site cation and 
CO2 for the single phase perovskite membranes operating in air is still a concern. 
Some groups have studied improving the long-term stability of perovskite related 
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oxide materials; for example, La(Sr)Ga(Mg)O3 and La(Sr)Ga(Fe)O3 [64], 
SrCo0.4Fe0.5Zr0.1O3−δ  [65] and the single phase non-perovskite SrFeCo0.5O3 [66; 67] 
were reported to provide high oxygen flux and also having acceptable structural 
stability. 
 
K2NiF4-type structure (A2BO4+δ) oxides are relatively new mixed ionic-electronic 
conductors which are attracting attention due to their high potential oxygen mobility. 
However, in practice, many reports show that the oxygen permeability of K2NiF4-type 
structures is lower than that of most perovskite oxides. Nevertheless, due to their 
unique structures, K2NiF4-type materials have been studied in many groups. For 
example, Kharton et al. [68] and Mauvy et al. [69] found that La2Ni0.8Cu0.2O4+δ and  
La2NiO4+δ showed promising oxygen fluxes when compared with other SOFC 
cathode materials.  Another group working on this type of material is the group of 
Ishihara in Japan [70; 71]. They studied Ln2NiO4-based oxide materials and found 
that Pr2NiO4 systems have great potential to be developed as oxygen separation 
membrane due to their high hole conduction and excellent oxygen permeation. In 
particular, Pr2NiO4 with excess Ni gave the highest oxygen flux of 1 × 10-6 
mol.s−1cm−2 (from air to He) and 3.72 × 10-6 mol.s−1cm−2 (from air to CH4) at        
1000 ºC. Additionally, the chemical stability under CH4 partial oxidation condition of 
Pr2NiO4 membranes was also reported to be acceptable. However, the long-term 
stability in both high operating temperature and large chemical potential gradient need 
to be confirmed before commercial use.  
 
2.2.2.2. Dual phase composite membranes  
  
As has been mentioned, whilst oxygen permeability of homogeneous, single phase 
mixed ionic-electronic conductive materials is encouraging, the mechanical and 
chemical instabilities, i.e. chemical expansion, kinetic demixing and reaction with 
carbonate, are a major concern for practical applications. Consequently, various 
combinations of materials have been examined to try and overcome these problems. 
Since composite membranes can yield individual benefits from each component, so 
they provide an extra degree of freedom for optimising the overall performance. In a 
dual phase system, typically one phase shows fast ionic conduction and the other high 
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electronic conductivity. Oxide-ion conductors with high oxygen ion conductivity have 
been used as ionic conductivity phases, while noble metals or solid oxides with 
dominant electronic conductivity were used as electronic conductivity phases. Many 
reports demonstrate that the conductivity and the magnitude of oxygen flux through 
the composite depend strongly on the volume ratio of the components. This concept 
of a percolation pathway was first developed by Mazanec et al. [72], who found that 
composites of yttria stabilized zirconia (YSZ) and Pd exhibited much improved 
oxygen permeation flux when the metal volume was above the percolation threshold. 
In general, a composite requires the minor component content to be higher than 30 
volume percent in order to achieve high oxygen permeability. This is because both 
phases should form continuous networks, so that oxygen transport through the ionic 
conducting phase can be balanced by the electronic current conveyed by the electronic 
conducting phase [73; 74]. Composite membranes may be classified by components 
into oxide/metal and oxide/oxide membranes. 
 
2.2.2.2.1. Oxide/Metal composites  
In the case of oxide/metal membranes, the composites consisting of well-known 
oxide-ion conductors like CGO, YSZ, La1-xSrxGa1-yMgyO3-δ (LSGM), Ce1-xSmxO2-δ 
(SDC) and δ-phase Bi2O3-based oxides and noble metals such as Ag, Au and Pd have 
been studied over the past two decades. Many cermet membranes such as yttria-
stabilized zirconia (YSZ)/Pd [75], erbia-stabilized bismuth oxide (Bi1.5Er0.5O)/(Ag, 
Au) [73; 76; 77], BaBi8O13/Ag [78], Bi1.5Y0.3Sm0.2O3/Ag [74], SDC/Pd, LSGM/Pd, 
(Bi1.75Y0.25O3)0.95(CeO2)0.05/Ag [79], and Bi1.6Y0.4O3/Ag [80] have been reported as 
exhibiting acceptable oxygen permeation with high chemical stability. Among these 
systems, the composites of Bi2O3-based ceramics with percolative silver (> 30 vol.% 
of Ag) such as Bi1.6Y0.4O3/Ag, Bi1.5Er0.5O/Ag and Bi1.5Y0.3Sm0.2O3/Ag yield the most 
promising high oxygen permeation fluxes. Unfortunately, the oxygen flux of these 
composites deteriorated with time, suggesting that it might relate to the transition of 
δ-Bi2O3 phase to a low-temperature α-Bi2O3 phase at temperature below  ∼570 ºC 
which leads to a dramatic decrease of ionic conductivity [77].  
In oxide/metal composite membranes, the microstructure and the volume fraction of 
the component are critical parameters to achieve a high oxygen flux. The composites 
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with smaller grains and having uniform distribution of individual grains were found to 
exhibit the higher oxygen permeation fluxes. This is suggested to be because the 
extended triple-phase boundary lengths lead to the promotion of the surface oxygen 
exchange activity. Many reports of ceramic/metal membranes showed good 
agreement with the criteria of Mazanec et al. [72] that dual phase membranes having 
the minor phase exceeding the percolation threshold tend to show a great 
improvement in oxygen flux. For example, Kim et al. [74] found that the oxygen 
permeation flux of non-percolative Bi1.5Y0.3Sm0.2O3/Ag-30 vol.% (1.30 mm thickness 
measured at 850 ºC) was 1.06 × 10-7 mol.cm-2.s-1, while the flux of percolative 
Bi1.5Y0.3Sm0.2O3/Ag-40 vol.% measured in the same conditions was increased to      
5.8 × 10-7 mol.cm-2.s-1. This improvement was suggested to be due to the silver phase 
becoming continuous and giving a good electron pathway. Consequently, at least 30 
volume percent of precious metal phase is required in order to obtain high 
performance in these membranes. This critical requirement limits the viability of 
oxide/metal membranes for commercial use due to the high cost of precious metals. 
For these reasons reducing the demand of precious metals by minimising the volume 
fraction of noble metal while maintaining sufficient electronic conductivity is a 
crucial goal to make ceramic/metal composite membranes available for commercial 
use. 
 
2.2.2.2.2. Oxide/Oxide composites    
 
In the oxide/oxide composite systems, different combination of materials have been 
studied to optimize the oxygen permeation flux. The group working intensively on 
this type of composite is Kharton et al., who summarized and compared many 
different combinations of dual phase ceramic composites, including Ce0.8Gd0.2O2-δ/ 
La0.8Sr0.2Fe0.8Co0.2O3-δ (CGO/LSFC), Ce0.8Gd0.2O2-δ/La0.7Sr0.3MnO3-δ (CGO/LSM), 
(La0.9Sr0.1)0.98Ga0.8Mg0.2O3-δ/La0.8Sr0.2Fe0.8Co0.2O3-δ  (LSGM/LSFC), 
(La0.9Sr0.1)0.98Ga0.8Mg0.2O3-δ /La2Ni0.8Cu0.2O4+δ (LSGM/LNC)  and  SrCoO3-δ/ Sr2Fe3O6.5-δ 
(SCSF) [81; 82; 83; 84].  They found that both ionic conductivity and oxygen 
permeation flux density tended to decrease with increasing sintering times and 
temperatures, suggesting that the reduction in oxygen flux was related to the decrease 
of the length of triple phase boundaries occurring in large grain materials. Among 
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these oxide/oxide composites, LSGM/LSFC, having mostly a single perovskite phase 
with local inhomogeneities, exhibited the highest oxygen permeability; although, 
there was an almost complete reaction between the constituents. CGO/LSFC and 
CGO/LSM membranes also exhibited good oxygen fluxes, while SCSF and 
LSGM/LNC membranes had high thermal expansion coefficient and low oxygen 
permeability. The composite systems such as Zr0.8Y0.2O0.9/La0.8Sr0.2CrO3-δ (YSZ/LSCr) 
[85], Ce0.75Nd0.25O1.875/Nd1.8Ce0.2CuO4 (CNO/NCCuO) [47] Ce0.8Sm0.2O2−δ/La0.8Sr0.2CrO3−δ 
(SDC/LSCr) [86] and La0.15Sr0.85Ga0.3Fe0.7O3−δ/Ba0.5Sr0.5Fe0.2Co0.8O3−δ (LSGF/BSCF) [45] 
also have been reported from other groups. 
 
The major problem with oxide/oxide composite membranes is the interdiffusion of 
constituent metal cations during processing or long term operation. The cation 
diffusion leads to additional phase formation or segregation of elements which 
decrease ionic conductivity giving lower composite performance than expected from 
the precursor materials. In addition, a lattice expansion from the reduction of 
transition metal cations might also cause degradation of membrane properties. 
Therefore, in oxide/oxide composite membranes, the choice of materials and 
processing conditions are key factors for producing high performance membranes.  
 
Table 2.1. Summary of reported studies of single phase oxygen separation membranes. 
 
Membrane materials Oxygen flux 
(mol.cm-2.s-1) 
Shape Thickness 
(mm) 
Temperature 
(feed/carrier gases) 
Ref. 
 
Single phase 
 
Ba0.5Sr0.5Co0.8Fe0.2O3−δ  2.28 ×10-6 Disc 1.1 900 °C (air/He)  [87] 
BaCa0.4Fe0.4Zr0.2O3−δ 1.9-2 ×10-6 Disc n/a 850 °C (air/He) [19] 
La0.6Ca0.4CoO3 3.5 ×10− 6 Disc 0.1 930 °C (air/He) [53] 
La0.6Sr0.4Co0.2Fe0.8O3-δ 7-5.5 ×10-8 Disc 0.5 700-900 °C (air/Ar) [81] 
La0.3Sr0.7CoO3−δ 2.8 ×10-7 Disc 1 900 °C (air/Ar) [50] 
La0.6Sr0.4Fe0.9Ga0.1O3–δ 1.3 ×10-8 Disc 1 975 °C (air/Ar) [60] 
La0.6Sr0.4CoO3–δ 5.4-7.6 ×10−7 Disc 1.5 820-860 ºC (air/Ar) [15] 
La0.3Sr0.7CoO3–δ 2.8 ×10−7 Disc 1 900ºC (air/He) [50] 
SrCo0.8Fe0.2O3-δ  1.9 ×10-9 Disc 1 900 °C (air/Ar) [10] 
La2NiO4+δ 3.4 ×10-7 Disc 1.2 700 °C (air/Ar) [69] 
Pr2Ni0.8Cu0.2O4 1 ×10-6 Disc 0.5 1000 °C (air/He) [36] 
Pr2Ni0.8Cu0.2O4 
(excess Cu) 
1.67 ×10-6 Disc 0.5 1000 °C (air/He) [71] 
SrCo0.4Fe0.5Zr0.1O3−δ  3 ×10-6 Disc 0.8 800-950°C (air/He) [65] 
 
 
(n/a = not available) 
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The oxygen fluxes achieved for various materials taken from several literature reports 
are shown in Table 2.1and Table 2.2. It should be noted that the fluxes are not directly 
comparable because they are not normalized by oxygen partial pressure drop or 
membrane thickness. For most technological applications, oxygen fluxes through 
membranes of the order of 7.4 × 10−7–7.4 × 10−6 mol.cm−2.s−1 (1–10 ml.cm−2.min−1 
(STP)) has been suggested as necessary [23; 65].  
 
Table 2.2. Summary of reported studies of dual phase oxygen separation membranes. 
 
Membrane materials Oxygen flux 
(mol.cm-2.s-1) 
Shape Thickness 
(mm) 
Temperature 
(feed/carrier gases) 
Ref. 
 
Dual Phase composite Oxide/Metal 
 
Bi1.5Er0.5O3/Ag  1.19 ×10-8 Disc 1.6 800 °C (air/He) [88] 
Bi1.5Er0.5O3/Ag  8.5 ×10-8 Disc 1.6 750 °C (air/He) [89] 
Bi1.5Er0.5O3/Au 1.6 ×10-8 Disc 1 750 °C (air/He) [89] 
Ce0.8Sm0.2O1.9 /Pd 2.5  ×10-8 Disc 0.7 600 °C (air/He) [79] 
Bi1.5Y0.3Sm0.2O3/Ag  5.8 ×10-7 Disc 1.3 850 °C (air/He) [74] 
BaBi8O13/Au  5.9 ×10-8 Disc 1.6 650 °C (air/He) [78] 
Zr0.8Y0.2O0.9 /Pd 2.0 ×10-8 Disc 1 1050 °C (air/Ar) [75] 
Bi1.6Y0.4O3/Ag  4-6  ×10-7 Disc 1.44 850 °C (air/He) [80] 
 
Dual Phase composite Oxide/Oxide 
 
La0.15Sr0.85Ga0.3Fe0.7O3−δ/ 
Ba0.5Sr0.5Fe0.2Co0.8O3−δ  
 
3.3 ×10-7 Disc 2 915 °C (air/He) 
 
[45] 
Ce0.8Sm0.2O2−δ/ 
La0.8Sr0.2CrO3−δ 
 
1.4 ×10−7 Disc 0.3 950 °C (air/He) [86] 
9.2 ×10-9
 
Tube 1.23 950 °C (air/He) Zr0.8Y0.2O0.9 / 
La0.8 Sr0.2 CrO3-δ   
 
3.2 ×10-8 Tube 1.23 930 °C (air/CO) 
[85] 
La0.5Sr0.5FeO3−δ/ 
Sr0.77Fe0.54Al0.46O2.54−δ 
 
1–3 ×10-7 Disc 0.5 750-1000 °C 
(air/He) 
[48] 
Ce0.8Gd0.2O2- δ / 
La0.8 Sr0.2Fe0.8 Co0.2 O3- δ    
 
7.2 ×10-8 Disc 1 950 °C (air/He) [81] 
 
Ce0.8Gd0.2O2-δ / 
La0.7 Sr0.3 MnO3- δ   
 
6.4 ×10-8 Disc 1 950 °C (air/He) [81] 
(La0.9Sr0.1)0.98Ga0.8 Mg0.2O3-δ 
/La0.8 Sr0.2Fe0.8 Co0.2 O3- δ    
 
1.2 ×10-7 Disc 1 950 °C (air/He) [81] 
(La0.9Sr0.1)0.98Ga0.8Mg0.2O3-δ 
/La2 Ni0.8Cu0.2O4- δ  
 
1.6 ×10-8 Disc 0.65 950 °C (air/He) [81] 
(SrCoO3- δ)1-x/  
(Sr2Fe3O6.5± δ)x 
6.4 ×10-8 Disc 1 950 °C (air/He) [81] 
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2.3. Dual phase composite materials for passive oxygen separation membranes 
 
In order to develop new composite mixed ionic-electronic conducting materials for 
passive oxygen separation membranes, the membrane materials must have one phase 
with fast ionic conduction and another with good electrical conductivity. Additionally, 
both phases need to form percolative networks, so that the oxygen ions can transport 
via the oxide conductive phase while the electrons flow through the electronic 
conducting phase. Moreover, the membrane materials must have sufficient stability 
over the long term operating conditions. For providing oxygen ion transport, various 
types of materials are suitable for this purpose. However, due to the requirements of 
high ionic conductivity and also good chemical and mechanical stabilities, well 
known fluorite oxide electrolytes, stabilised zirconia and gadolinia doped ceria, seem 
to be more favourable than perovskite-related oxides. The electronic conducting phase 
can be made of either noble metal or oxide with high electronic conductivity. It would 
be an ideal for the electronic conducting phase to also have high electronic and good 
ionic conduction (in order to not provide an internal barrier to oxygen transport) and 
also to act as a catalyst to promote surface exchange reaction. Among many 
predominately electronic conducting materials, silver metal and lanthanum cobaltite 
oxide (LSC) seem to be the best candidates to fulfill these requirements. This is 
because silver and LSC are very good electronic conductors, have high catalytic 
activity and are also permeable to oxygen. The combination of zirconia or ceria based 
electrolytes and silver or LSC, might therefore lead to promising materials for oxygen 
separation applications. However, studies of these composites for oxygen separation 
have not been reported yet. Hence, the objectives of this project are preparation, 
characterisation and evaluation of composite materials of zirconia or ceria based 
electrolyte with silver or LSC electronic phases for oxygen separation applications. 
The literature reviews on relevant properties of these constituent materials are given 
below. 
 
2.3.1. Ionic conducting phase  
 
2.3.1.1. Zirconia-based ionic conductors 
 
Due to their high stability in a large oxygen pressure gradient, zirconia-based 
electrolytes are very attractive to be used as the ionic conducting phase in dual-phase 
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membranes, even though, they provide lower oxygen ion conductivity than CGO, 
LSGM and δ- phase Bi2O3 (see Figure 2.7).  From the commercial point of view, the 
long term stability of membranes is a critical criterion for making solid state 
membranes viable for practical applications. The advantages in high stability in both 
oxidizing and reducing environments make zirconia-based electrolytes promising for 
applying in high temperature conversion technologies. In order to enhance the ionic 
conductivity of zirconia based electrolytes, Politova and Irvine [90] reported that co-
doping of zirconia with scandia and yttria (Y2O3)2(Sc2O3)9(ZrO2)89 (Sc-YSZ) 
exhibited the optimum in both ionic conductivity and structural stability. The 
maximum conductivity of Sc-YSZ was reported as 0.0589 S.cm-1at 800 ºC while the 
conductivity of YSZ was 0.0507 S.cm-1measured at the same temperature. This 
improvement in conductivity of zirconia based materials is because scandia doping 
increases the ionic conductivity and yttria doping stabilises the cubic structure at high 
temperature. The effects from co-doping give the Sc-YSZ electrolytes a high potential 
for development as the ionic conductivity phase in composite membranes. However, a 
likely high working temperature of zirconia-based material (800-1000 ºC) and 
reactivity with other materials such as LSC are major disadvantages of zirconia-based 
materials. 
 
 
Figure 2.7. The ionic conductivity of some promising oxide ion conductors [56]. 
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2.3.1.2. Gadolinia doped ceria (CGO)     
 
Gadolinia doped ceria (Ce1-xGd xO2-δ, where x =0.1 or 0.2, CGO) is a well known 
electrolyte material for intermediate temperature SOFC working at 500-650 ºC. CGO 
has the fluorite structure and the ionic conductivity of CGO arises from a similar 
process as in YSZ by substituting for Ce4+ with lower valence cations, Gd3+, into the 
CeO2 lattice. By dissolving Gd2O3 in CeO2, oxygen vacancies can be introduced as (in 
Kroger-Vink notation): 
 
Eq. 2.33   ••++= OxOCe VOGdOGd 32 '32     
 
Among promising ionic conductors, CGO has several advantages over the others. As 
presented in Figure 2.7, the ionic conductivity of CGO is higher than that of YSZ and 
LSGM at all temperature ranges. The BIMEVOX family of materials (Bi4V2O11 with 
partial substitution for vanadium with another metal e.g. Cu or Mg), provides higher 
ionic conductivity, but the use of CGO materials is still considered to give more 
benefits in terms of stability.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Conductivity of CGO (Ce0.9Gd0.1O1.9) in air and in reducing atmosphere (10% 
H2, 2.3% H2O) [91]. 
 
One concern for the use of CGO materials as oxygen ion conductors is partial 
reduction at low oxygen partial pressures [91]. This is caused by the partial reduction 
of Ce4+ to Ce3+ [92] under reducing environments or at high operating temperature. 
The principal defect formation reaction in the reduction for ceria is given by [93]: 
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 Eq. 2.34   221
'
2 2)( OeVCeOO OxO ++= ••      
 
The equilibrium constant for reduction is: 
 
Eq. 2.35   [ ] ( )2122 OpVnK Ored ••=       
 
where n is the concentration of electrons and p(O2) is the partial pressure of oxygen in 
atmospheres. The reduction of CGO leads to n-type electronic conductivity, oxygen 
nonstochiometry and an expansion of the lattice. These issues limit the use of CGO as 
an SOFC electrolyte at the temperature below approximately 750 ºC [93] and under  
typical fuel cell conditions. However, for the pressure driven oxygen separation 
applications in which mixed ionic electronic conducting materials are required, the 
introduction of some electronic conductivity on the reduction of CGO is not of 
concern for the use of CGO as the ionic phase in dual-phase mixed conducting 
materials.  However, the issue of its stability in low p(O2) and a large oxygen pressure 
gradient is still of concern.  In order to minimise the reduction of CGO, Ce0.9Gd0.1O2-δ 
was chosen in this study instead of the slightly better oxide ion conductor, 
Ce0.8Gd0.2O2-δ, as it has a better compromise between good ionic conductivity and 
resistance to reduction [94]. The conductivity of Ce0.9Gd0.1O2-δ in air and reducing 
atmospheres is shown in Figure 2.8. It is worth noting that the higher gadolinium 
concentration in Ce0.8Gd0.2O2-δ leads to more vacancies and a more disordered 
structure which results in the greater susceptibility to reduction of Ce0.8Gd0.2O2-δ. A 
summary of key data for CGO collected from the literature is presented in  
Table 2.3.   
 
Table 2.3.   Summary of key data for CGO (Ce0.9Gd0.1O2-δ). 
 
 
 
 
 
 
 
 
 
Crystal structure Fluorite [95] 
Fluorite unit cell parameter 5.417  Å [95] 
σi at 600 ºC 0.0253 S.cm-1 [96] 
Ea for σi 0.64 eV [96] 
TEC (25-1200 ºC) 12.96 ×10-6 K-1 [97] 
Elastic constant,  Eo  at 25 ºC 200  GPa [98] 
KIC for Ce0.8Gd0.2O2-δ  1.39-1.54  MPa m1/2 [98] 
KIC for Ce0.9Gd0.1O2-δ 1.75-1.99 MPa m1/2 [99] 
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Data for oxygen tracer diffusion and oxygen surface exchange coefficients of CGO 
have been reported by the group of Kilner at Imperial College London [37; 100; 101]. 
The summary Arrhenius plot of the oxygen tracer diffusion coefficient and surface 
exchange coefficient for polycrystalline CGO (Ce0.9Gd0.1O1.9) is shown in Figure 2.9. 
The values of D* reported recently by Druce et al. [101] are higher and less scattered 
than those reported previously by Manning et al. [100]. The difference in the results is 
suggested to be due to a lower impurity content in the CGO materials in the work of 
Druce. The D* values for CGO used in the study (as discussed in Chapter 6) were 
obtained from the data of Druce who used exactly the same CGO source material and 
similar experimental conditions as employed in the current study. The activation 
energies obtained for D* from the work of Manning (0.9 eV) and Druce (0.88 ±0.02 
eV) are in good agreement. The activation energy obtained for k* was found to be 0.6 
eV at low temperature and 3.3 eV at temperature higher than 700 ºC. This probably 
reflects rate control by supply of electrons from different energy levels in the CGO 
[37].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9. Arrhenius plot of oxygen tracer diffusion and surface exchange coefficients for 
polycrystalline Ce0.9Gd0.1O1.95 [100; 101].  
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2.3.2. Electronic conducting phase  
 
2.3.2.1. Silver 
 
Among noble metals used in oxide/metal composite membranes, silver has been 
considered the most attractive candidate for the electronic phase. Silver (crystal 
structure, FCC) is well known as a highly conductive material. At 20 °C the electrical 
resistivity of silver is 1.59 × 10−8 Ω.m (conductivity 6.29 × 107 S.m-1) and increases at 
a fractional rate of 6.1 × 10-3 per degree Celsius [102]. In addition, silver metal is also 
known to be permeable to oxygen [103; 104] and aids the catalytic activity at the 
interface between the solid and gas by promoting the rate of dissociation of molecular 
oxygen from O2 to 2O-ads [14] resulting in an enhancement of oxygen reduction and 
oxygen surface exchange reaction.   
 
The permeation of oxygen through silver normally occurs by a sequence of steps. 
Initially, oxygen molecules are adsorbed on the silver surface, dissociate and then the 
oxygen atoms subsequently dissolve into the metal matrix. They diffuse between 
octahedral sites of the silver lattice and then associate with other oxygen atoms and 
desorb as oxygen molecules on the permeate side. These processes are dependent on 
temperature, pressure, and gas mixture composition and each one of these could be a 
rate limiting step. Outlaw [105] reported that the dissociative adsorption step of the 
oxygen molecule on the silver surface was rather slow as indicated by the low sticking 
coefficient of oxygen gas on silver, which is 10-6 – 10-3depending on the crystalline 
face involved. 
 
The oxygen solubilities in solid silver in atmospheric pressure at 600 ºC and 800 ºC 
are reported as 1.07 × 10-3 mass % and 3.81 × 10-3 mass %, respectively [106]. 
Ramanarayanan et al. [107] reported the solubility and diffusivity of oxygen in solid 
silver determined using an electrochemical technique  and the relations are given by:  
 
Eq. 2.36 Oxygen solubility at
2o
P = 1atm, No  = 7.2 exp (-11500/RT) atomic %  
 
Eq. 2.37      = 7.2 exp (0.12 eV/kT) atomic % 
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Eq. 2.38 Oxygen diffusion coefficient,  
 
Do  = 4.90 x 10-3  exp [(0.50±0.06 eV)/kT] cm2.s-1 
 
Kontoulis and Steele [108] also reported the diffusivity of oxygen in solid silver 
determined by an electrochemical technique (using a different cell arrangement but 
the same solubility data as Ramanarayanan)  as: 
 
Eq. 2.39  Do   = 4.98 x 10-3 exp [(0.50±0.13 eV)/kT] cm2.s-1 
 
This expression is in very good agreement with that of reported earlier by 
Ramanarayanan. 
 
The oxygen flux through a silver membrane is controlled by its solid state 
permeability and can be estimated using the equation derived from Fick’s first law 
(Eq. 2.5): 
 
Eq. 2.40    
L
NN
DjO oo
o 2
21
2
−
=      
            
Where 
o
D is oxygen diffusion coefficient, L is the membrane thickness and No1 and 
No2 are atomic concentrations (solubility) of oxygen in the silver at feed and permeate 
sides respectively. The oxygen flux through a silver membrane has been reported by 
Lee et al. [78] who found that the oxygen flux through a 1.4 mm thick silver membrane 
at 660 ºC with the oxygen partial pressure difference from 0.2 atm to 1.5 × 10-5 atm was 
9 ×10-9 mol/cm2.s.  By using the same conditions as reported by Lee et al.(membrane 
thickness 1.4 mm and assuming the No2 is equal to zero), the calculated oxygen flux 
through silver membrane (using Eq. 2.40) was 5.6 × 10-6 at 660 ºC and 1.5 × 10-5 at 
800 ºC.  The observed value for the silver membrane was found to be much lower 
than the value predicted by the Fick’s first law. It is suggested that in practice, the 
oxygen flux is at least in part limited by the surface reaction rate since the value of 
oxygen concentration used in the calculation is the oxygen solution in equilibrium 
with gaseous oxygen (
2o
P  = 1 atm, Eq. 2.37). This estimated flux is the maximum 
flux which is possible to obtain from a silver membrane. Hence, the estimated flux of 
silver is much bigger than that of the experimental measurement. 
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Silver has been extensively used in the cathode of SOFCs. It can be used either as a 
cathode itself (pure silver metal) [109] or incorporated into cathode material (Ag/YSZ 
[110], Ag/LSM [110; 111], Ag/CGO [112] and Ag/LSCF [113]) as a catalyst for 
oxygen reduction. Ag/oxide cermet cathodes exhibited better performance than the 
corresponding oxides by increasing the reaction site density (extending the three 
phase boundary) and also reducing the activation energy for the cathodic reaction 
[114; 115].  
 
The low melting point of silver at 962 ºC and its high volatility are major concerns for 
the use of silver in high temperature applications.  The vapour pressure of silver at 
800 ºC was reported at 1.3 × 10-5 kPa [116] and a loss by evaporation of silver was 
reported to be 2 µm/year at 800 ºC and 0.05 µm/year at 700 ºC [117]. These issues 
limit the silver applications to intermediate temperatures (< 800 ºC). Wang and 
Barnett [118] suggested that depositing porous oxide cap layers over a Ag/oxide 
cerment cathode could suppress the segregation and evaporation of silver at 750 ºC. 
Therefore, for the SOFC and gas separation applications, silver tends to be combined 
with oxide materials to reduce the evaporation rate. Additionally, since silver metal 
has very high thermal expansion coefficient (19 × 10−6 K−1) [119], using silver in the 
form of a silver/oxide composite reduces the mismatch in thermal expansion relative 
to other common components (typically (10-13) × 10−6 K−1). Due to its high electrical 
conductivity, high catalytic activity and also ability to permeate oxygen, using silver 
as an electronic phase in composites is very attractive. 
 
2.3.2.2. Lanthanum strontium cobaltite oxide (LSC) 
 
Mixed conducting strontium-doped lanthanum cobaltite (La1-xSrxCoO3-δ, LSC) is one 
of the most promising materials for high temperature applications (e.g. SOFC 
cathodes [120; 121] and gas separation membranes [50; 122; 123] ) due to its high 
ionic and electronic conduction, high oxygen permeability and also excellent catalytic 
activity.  LSC is an acceptor doped perovskite-type oxide with rhombohedral or cubic 
structure depending on the strontium dopant level (x) and temperature. At room 
temperature the transition from rhombohedral to cubic structure was reported to take 
place at x ~0.55 by Petric et al. [124]. This value is in good agreement with that 
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reported by Van Doorn et al. at x ~ 0.5 [125]. Oxygen vacancies in the LSC series 
generally arise from substitution for La3+ by lower valence Sr2+ and some from partial 
reduction or thermal decomposition of Co4+ to Co3+and Co3+ to Co2+ [120]. The ionic 
and electronic charge compensations occurring due to the partial substitution of the A-
site lanthanum cations with strontium ions take place by the formation of ionic 
(oxygen vacancies, ••OV ) and electronic (electron holes, h·, or tetravalent cobalt ions, 
[ ]•coCo ) defects in the perovskite lattice and the mechanisms for these processes can be 
written [126]: 
 
Eq. 2.41  ••× ++ → OOLa
LaCoO VOSrSrO 222 '3   (ionic compensation)   
Eq. 2.42 •× ++ →+ hOSrOSrO OLa
LaCoO 2322 '221 3  (electronic compensation) 
  
 
The overall electroneutrality condition is given by [127]: 
 
Eq. 2.43  [ ] [ ] [ ]••• += coOLa CoVSr 2'    (reduction)   
 
 
The electronic conductivity and oxygen diffusivity in the La1-xSrxCoO3-δ series are 
strongly dependent on the strontium dopant level (x), oxygen deficiency (δ) 
temperature and oxygen partial pressure [124; 128]. A higher strontium dopant 
concentration leads to a higher oxygen vacancy concentration for a given temperature 
and pO2. The behavior of LSC materials with oxygen partial pressure can be 
expressed by: 
 
Eq. 2.44  )(22 221 gOVCoOCo OxCoxOCo ++=+ •••     
 
Sitte et al. [127] reported that the oxygen deficiency increases with decreasing pO2 
and increasing temperature due to an increasing concentration of oxygen vacancies. 
At low pO2 and high temperature, the concentration of oxygen vacancies increases 
thereby reducing the number of free electron holes/tetravalent cobalt ions, so the total 
conductivity of LSC decreases [126]. However, due to the much faster mobility of 
electronic defects, the electronic conductivity remains several orders of magnitude 
higher than the ionic conductivity. The maximum ionic conductivity was reported at 
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dopant level x ~0.7, and further increase of the strontium content (x >0.7) leads to a 
decrease of oxygen ion conductivity resulting from phase separation [129; 130]. 
 
The electrical conductivities of the La1-xSrxCoO3-δ series as a function of temperature 
and strontium content are presented in Figure 2.10. The maximum conductivity in air 
was reported by Petrov et al. [124] at approximately x = 0.4. Petric et al. [131]  found 
that the maximum conductivity of  La1-xSrxCoO3-δ  series shifted to lower strontium 
content with increasing temperature (Figure 2.10 (b)). Petric et al. also suggested that 
the discrepancies in the reported data could be a result of the different preparation 
methods and sintering conditions affecting the influence of grain boundaries and 
density to the electrical behavior of these materials.    
 
The electrical conductivity in the La1-xSrxCoO3-δ series shows complicated 
temperature dependence. Petrov et al. reported that LSC with x ≤ 0.2, showed 
semiconductor behaviour where the conductivity increased with increasing 
temperature before reaching the maximum and then decreased with increasing 
temperature. For the LSC with x ≥ 0.3, the electrical conductivity decreased with 
increasing temperature reflecting a metallic behaviour. This is in good agreement with 
the work of Mineshige et al. [132] who reported that at room temperature the 
transition from semiconductor to metal behaviour was determined to occur at x ~0.25.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10. Electrical conductivity of La1-xSrxCoO3-δ series as a function of (a) temperature 
and (b) Sr content [131]. 
b) a) ) 
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The major drawbacks for the use of LSC in SOFC applications are reactivity with 
zirconia-based electrolyte and large thermal expansion. LSC was found to react with 
zirconia-based electrolyte at high temperature (above 900 °C) resulting in the 
formation of insulating compounds such as Sr2ZrO3 and La2Zr2O7 leading to an 
increasing of ohmic resistance [133]. Less reactivity was found between LSC and 
CGO [134; 135]. The very high thermal expansion coefficients reported for LSC 
materials (α ~ 18-26 × 10-6 K-1) [120; 131], result from thermal reduction of cobalt. 
The large thermal expansion leads to a thermal-mechanical incompatibility with other 
cell components e.g. YSZ (α ~ 10.5 × 10-6 K-1) [136] inhibiting the use of LSC in 
SOFC applications.  The conductivity data at 800°C and the linear thermal expansion 
coefficients from 30°C to 1000°C for the La1−xSrxCoO3−δ series are presented in 
Figure 2.11. The thermal expansion coefficient in the La1−xSrxCoO3−δ series is found 
to increase with increasing strontium content (x). In addition, the mechanical 
properties of LSC are reported to become worse (more brittle) with increasing 
strontium content [131]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11.  Isothermal total conductivity data at 800°C (top) and linear thermal expansion 
coefficients from temperature 30°C to 1000°C (bottom) for the La1−xSrxCoO3−δ system.[131] 
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For the oxygen transport properties, Berenov et al. [44] has reported that the oxygen 
diffusivity in the La1−xSrxCoO3−δ series increases with increasing strontium content, 
this is in good agreement with the fact that the oxygen vacancy concentration of these 
materials increases with increasing strontium dopant level [131]. Arrhenius plots of 
oxygen tracer diffusion and surface exchange coefficients of La0.9Sr0.1CoO3-δ and 
La0.6Sr0.4CoO3-δ collected from the literature are shown in Figure 2.12. It can be seen 
that the La0.6Sr0.4CoO3-δ exhibited higher in D* and k* than La0.9Sr0.1CoO3-δ as 
expected. The activation energy for oxygen diffusion was reported  as 2.80 eV [40] 
and 2.41 eV [137] for La0.9Sr0.1CoO3-δ and 1.84 eV [44] for La0.6Sr0.4CoO3-δ.  The 
decrease in activation energy for diffusion with increasing strontium content was 
suggested to be predominantly caused by the decrease in the enthalpy of formation of 
oxygen vacancies [138]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12.  Arrhenius plot of oxygen tracer diffusion and surface exchange coefficients for 
single crystal La0.9Co0.1CoO3 (at 4.5 × 103 Pa by isotopic gas analysis) [40] and 
polycrystalline and La0.9Co0.1CoO3. (at 1 × 105 Pa by depth profiling) [137] and 
polycrystalline and La0.6Co0.4CoO3 (at 2.3 × 104 Pa by depth profiling and line scanning) [44]. 
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LSCs are among the best materials for oxygen separation membranes. Oxygen 
transport though LSC materials has been studied extensively by many groups [50; 
122; 139; 140]. Kharton et al. [140] have reported that the oxygen transport through 
single phase LSC ceramics is determined by both ambipolar conductivity and surface 
exchange reactions. The oxygen flux through a La0.6Sr0.4CoO3 1.5 mm thick disc (pO2 
0.21,  820–860 ºC) was reported at 5.4-7.6×10−7 mol.cm-2.s-1[141] and the oxygen 
flux through La0.3Sro0.7CoO3 1 mm thick disk (pO2 0.21, 900ºC ) was reported at 2.8 
×10−7 mol.cm-2.s-1[50]. Huang and Goodenough also reported the oxygen flux at 1.9-
3.1×10−7 mol.cm-2.s-1 for La0.6Sr0.4CoO3 (1.7 mm thick disc, pO2 0.21, 850–930ºC) 
and at 5.4 ×10−9 to 2.1×10−8 mol.cm-2.s-1 for La0.8Sr0.2CoO3 (1.3 mm thick disc, pO2 
0.21, 850–930ºC) [142]. In addition, LSC materials are also known as a catalyst for 
surface exchange reaction, Ishihara et al. have reported that coating catalyst layer of 
La0.6Co0.4CoO3 on La0.7Sr0.3Ga0.6Fe0.4O3 (LSGF) membrane could increase the oxygen 
permeation rate [143].  
 
In the present study, the compositions La0.9Sr0.1CoO3-δ and La0.6Sr0.4CoO3-δ were 
chosen as an electronic phase in the composite. This is because these compositions 
have good compromise between high electronic and ionic conductivity and good 
thermal-mechanical property. La0.9Sr0.1CoO3-δ material has great benefits in high 
structural stability as well as high electronic conductivity while La0.6Sr0.4CoO3-δ has 
very high electronic and ionic conduction and intermediate thermal expansion. 
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CHAPTER  3 
 
Experimental techniques  
 
 
3.1. Fabrication of composite materials  
 
3.1.1. Metal/Oxide (Ag/Sc-YSZ, YSZ, CGO) composite materials   
 
Various fabrication methods were explored in order to produce dual phase mixed 
conductive Ag/oxide materials with a low volume fraction of silver phase including; 
liquid penetration (silver, silver nitrate and silver-copper oxide), electrodeposition of 
silver into porous oxide pre-forms and coating oxide powder particles with silver. 
 
3.1.1.1. Powder coating method 
 
The aim of this approach is to produce a silver coating around each ceramic particle 
before sintering. Yttria stabilized zirconia ((Y2O3)8(ZrO2)92, YSZ) and yttria doped 
scandia stabilized zirconia (Y2O3)2(Sc2O3)9(ZrO2)89 (Sc-YSZ) oxides were chosen as 
materials for providing oxygen ionic conductivity. The YSZ powder (TZ-8Y, 
TOSOH, 99.9% purity) was a commercial powder while the Sc-YSZ powder was 
prepared by the precipitation technique following procedure reported by                   
Raj et al.[144]. To prepare Sc-YSZ powders scandia (Sc2O3, Aldrich, 99.9 % purity) 
and yttria (Y2O3, Sigma-Aldrich, 99.9 % purity) were dissolved in hydrochloric acid 
(HCl, BDH, AnalaR) at 60 ºC. The reaction temperature was reduced to room 
temperature and then, zirconium (IV) 2, 4-pentanedionate ((C5H8O2)4Zr, Aldrich, 
99.9% purity) powder was added into the solution. After obtaining a homogenous 
aqueous solution, an ammonia solution (2:1, distilled water: ammonium hydroxide, 
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NH4OH, BDH, AnalaR) was added slowly until the pH of the solution reached 10. 
The precipitates were allowed to settle for 1 day after the reaction was completed and 
then washed thoroughly with distilled water. Subsequently, the precipitates were dried 
at 100 oC overnight followed by calcination in air at 1325oC for 12 h.  
 
To prepare composite materials of 5 at.% Ag/ 95 at.% (Y2O3)2(Sc2O3)9(ZrO2)89, 5 g of 
the Sc-YSZ powder was directly mixed with the required quantity of silver nitrate, 
0.351 g, (AgNO3, Alpha Aesar, 99.9% purity) in an ethanol medium by ball milling. 
The milling was carried out in an HDPE bottle using Y2O3-stabilized ZrO2 milling 
media for 2 days. After drying in air at 400 ºC for 1 h, the resulting composite 
powders were pressed into pellets (13 mm diameter and 1-2.5 mm thickness) by 
mechanical pressing at 1 tonne load, followed by isostatic pressing at 300 MPa.  
Finally, the pressed pellets were sintered in air at 800 ºC to 1000 ºC for 5 h with      
150 ºC /h heating and cooling rate.  
 
3.1.1.2. Silver penetration methods  
 
The aim of this approach is to infiltrate a porous oxide pre-form by silver vapour or 
liquid silver. In order to introduce silver into Sc-YSZ , small pieces of silver plates 
(99.9 % purity) were placed on top of electrolyte pellets having approximately 90 % 
density and then the specimens were heated in air over the melting point of silver  
(962 ºC) at 1000 ºC and held at this temperature for 3 h. As an alternative method, 
conductive silver paint (water based) was painted thoroughly on both sides of Sc-YSZ 
and Ce0.9Gd0.1O2-δ (CGO, NexTech Materials, 99.9% purity, specific surface area 
reported in its safety data sheet = 7.38 m2/g) pellets having various densities (55-91% 
density). After drying, the pellets were heated in air at temperatures from 700 ºC to 
1000 ºC for 3 to 5 h to allow the diffusion of silver into the pore and/or grain 
boundaries of the oxide materials.  
 
3.1.1.3. Electrodeposition  
 
The electrodeposition of silver into pores of porous oxide pre-forms by using non-
cyanide solution was also investigated. Ce0.8Gd0.2O2-δ (0.2CGO, Praxair Speciality 
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Chemical, 99.9% purity) and Ce0.9Gd0.1O2-δ (0.1CGO, NexTech Materials, 99.9% 
purity) powders were used to prepare the pre-form pellets having diameter of ~22 mm 
and thickness of ~1.8 mm. In some samples, the ceramic powders were mixed with 
pore formers, graphite and ethyl cellulose, to achieve the higher porosities.  
 
A non-cyanide electrolyte for silver plating [145] was prepared by adding the  
following compounds to deionized water; ammonium thiosulfate (60% solution, 
(NH4)2S2O3+H2O, Riedel-de Haen, 99% purity) 150 ml/l, benzene sulfonic acid 
sodium salt dihydrate (C6H5NaO2S.2H2O, BDH, AnalaR) 10 g/l, triethanolamine 
(C6H15NO3, Fluka BioChemika,  99 % purity) 10 ml/l and silver chloride(AgCl, 
Aldrich,  99.9 % purity) 40 g/l. The pH of the silver plating bath was adjusted to 
approximately 5 by addition of dilute hydrochloric acid solution (HCl).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13. Schematic arrangement for electrodeposition of silver into porous CGO, 
adapted from [146].  
 
The experimental arrangement used for electrodeposition is illustrated in Figure 3.13. 
Silver plate was used as anode (99% purity, dimensions of 5×15×0.2 mm) and was 
activated by immersion in 1 M HCl solution for a few minutes prior to 
electrodeposition. Silver paint was applied on one side of the CGO pre-form as an 
initial cathode. A plastic tube was attached on the other side of specimen and then was 
sealed by using silicone sealant. The pre-formed CGO pellet was saturated with silver 
plating electrolyte by vacuum impregnation before deposition. The experiments were 
 
~40mm 
 
~23 mm 
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carried out at room temperature (25 °C) for 5-24 hours. The DC voltage applied was 
approximately 0.6 V and the current was monitored during the deposition process.  
 
3.1.1.4. Silver nitrate infiltration 
 
In this method, pre-form oxide pellets of Sc-YSZ, YSZ and CGO having various 
densities were prepared, some YSZ pellets were prepared from pre-calcined powers 
(1100 ˚C for 3h) to increase the degree of open porosity. The oxide pellets were 
ultrasonically cleaned with distilled water then dried in air at 150 ˚C for at least 5 h 
prior to use. Then the porous Sc-YSZ, YSZ and CGO pre-forms were submerged into 
molten silver nitrate at 300 ºC for 1 h (the melting temperature of AgNO3 is 212ºC). 
Subsequently, the pellets were heated in air to 500 ºC for 4 h or 1000 ºC for 3 h to 
decompose the nitrate (the decomposition temperature of AgNO3 is 444ºC) and only 
silver metal remained in the oxide matrices. The infiltration and heat-treatment steps 
were repeated up to 3 times in infiltrated samples to increase the silver contents in the 
silver/oxide composites. For repeated infiltration the silver deposited on the surface 
after previous infiltration was ground off in order to expose residual open porosity in 
the specimen for further infiltration. 
 
3.1.1.5. Silver plus copper oxide infiltration  
 
As Ag-CuO liquid has been reported to exhibit satisfactory wetting for ceramic 
brazing and infiltration applications [147; 148; 149; 150; 151], in this preparation 
method, CuO was added to silver in order to improve the wettability of liquid silver 
on the oxide ion conductor.  Ag/CGO composites were prepared by infiltrating porous 
CGO pellets (10-15 mm in diameter and thickness of 1.0-1.8 mm) having ~80-90% 
density with molten Ag-CuO. The appropriate amount of silver (Aldrich, 99.99% 
purity) and copper oxide (CuO, Aldrich, 99.9%, purity) powders were mixed in an 
agate mortar to create the different compositions (4, 6 and 8 mol% CuO) of Ag-CuO 
mixtures. The Ag-CuO powders were spread over the top surface of pre-formed CGO 
pellets and then the samples were heated in air at 1050 °C and held at this temperature 
for 30 minutes to allow the diffusion of silver into the CGO pre-forms.  
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3.1.2. Oxide/Oxide (LSC/CGO) composite materials  
 
Dual phase mixed conductive oxide/oxide composites were also investigated. 
Commercially available powders of La0.9Sr0.1CoO3-δ (0.1LSC, specific surface area = 
3.12 m2/g and particle size determined by volume median diameter (D [v,0.5]) = 0.7 
µm), La0.6Sr0.4CoO3-δ (0.4LSC, specific surface area = 5.48 m2/g and D [v,0.5] = 0.7 
µm) obtained from Praxair Speciality Chemicals (99.9% purity) and Ce0.9Gd0.1O2-δ 
(CGO, NexTech Materials) were used for the preparation of the composites 
containing 10, 20 and 30 vol.% of 0.1LSC or 0.4LSC. Note that the specific surface 
area and the D [v,0.5] of 0.1LSC and 0.4LSC obtained from the values reported in 
their safety data sheets. The powders were mixed at the target volume ratio in ethanol 
for 48 h with zirconia milling media. After drying in air at 400 ºC for 1 h, the 
resulting powders were die-pressed into pellets at 1 tonne load and then isostatically 
pressed at 300 MPa.  Then the composites were sintered in air at 1150-1200 ºC for 4 h 
with 150 ºC /h heating and cooling rate.    
 
3.2. Material characterizations 
 
3.2.1. SEM-EDS and particle size analysis 
 
Scanning Electron Microscope (SEM) is used to obtain detailed information about 
morphological and topological of surface or near surface structures [152]. In this 
technique, a fine beam of electron (energy between 1-30 keV and beam size diameter 
of 2-10 nm) is focused on a the surface of the solid sample and interacts with the 
surface to produce several types of signals as presented in Figure 3.14, however; only 
three signals are commonly considered in SEM including; secondary electrons (SE), 
backscattered electrons (BE) and X-ray fluorescence photons. Secondary electrons 
and backscattered electrons are normally used for imaging purposes whereas X-ray 
fluorescence is detected primarily for chemical analysis. Secondary electron (having 
energies <50 eV) is emitted from the sample surface when high energy primary beam 
collides with electrons from sample atoms. Secondary electron is most used for 
produced imaging and it gives the best resolution images in which the contrast in the 
image is determined by the sample morphology. Backscattered electron (>50 eV) is 
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produced form the elastic collision of incident beam with the sample atoms. The 
production of backscattered electrons is dependent on the average atomic number of 
the sample in which higher atomic number elements appear brighter in BE image. 
Hence, the backscattered electrons are useful for providing visual information on 
different phases in the samples. X-ray fluorescence photon is also emitted from 
bombarding sample surface with electron beam, X-rays are characteristics of atoms 
present in the sample thus they can be used for qualitative and quantitative analysis; 
for example, they can give the information of elemental composition in the surface 
layer of the sample (at a depth in the micrometer range,1-2 microns) and they also be 
used to form maps (resolution > 1 µm) or line profiles, displaying the elemental 
distribution in a sample surface.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14. Schematic representation of the energies produced from incident electron beam 
interaction with a solid sample in SEM and the interaction volume and the regions from 
which secondary electrons, backscattered electrons and X-rays may be detected, adapted from 
[152]. 
 
For X-ray analysis, SEM is equipped with X-ray detectors, energy-dispersive 
spectrometer (EDS). The configuration and important components of the X-ray 
collection system are illustrated in Figure 3.15.  The energy-dispersive X-ray detector 
is typically located in the objective pole-piece gap and it consists of semiconducting 
silicon or germanium crystal which is held in the position as near to the specimen as 
possible to collect the X-ray emitted from the specimen. The angle that the detector 
makes with the horizontal specimen plane is called the X-ray takeoff angle (varied 
X-rays 
Back-scattered 
electrons 
Incident beam 
Secondary 
electrons 
Sample ± 2 µm 
Interaction volume 
∼ 10 nm 
(and also Auger electrons  
and cathodoluminescence) 
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from 0º to 70º depending upon the microscope). In general, higher takeoff angles are 
desired in order to reduce a distance of X-ray travel path and minimising an effect 
from X-ray absorption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 Schematic diagram of an energy dispersive X-ray detector equipped in SEM 
instrument [38]. 
 
In this work, the particle morphology of the powders and microstructure of sintered 
materials were investigated using SEM (JSM 840A, JSM 5610LV and Gemini 1525, 
20-30 kV and 25-15 mm working distance). Chemical composition was determined 
using EDS in SEM (20 kV, 15 mm working distance, 30-35% dead time and 200-600 
seconds of live time) and EDS system is run by Oxford Link ISIS, INCA software. 
The samples were coated with gold before SEM and or carbon/gold before EDS 
analysis (10 mA, 1 min) to facilitate flow of electrons to the ground and to minimise 
artifacts associated with the buildup of charge. For BE imaging and X-ray analysis, 
the samples were first mounted in epoxy resin and then polished with SiC paper 
followed by 15, 6, 3, 1 and 0.5 µm diamond paste since flat sample are desired as they 
could reduce the misleading form the topographical effect [152]. The particle size 
distribution of the powders was measured using a laser diffraction technique (Malvern 
Mastersizer particle size analyzer), this technique is based on the principle that laser 
light scattering angle is inversely proportional to particle size.  Finely ground sample 
powders were dispersed in distilled water followed by ultrasonicating for 10 min to 
brake up the agglomerates of particles in the suspension prior to be measured. 
 
Upper Objective Pole 
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3.2.2. XRD 
 
The crystalline phase characteristics were studied using X-ray diffractometion (XRD, 
Philips PW1710, 2θ = 10-100°, scan rate of 0.02°/step and 2 s/step, CuKα radiation 
1.5418Å, voltage of 40 keV and current of 40 mA) with a secondary graphite crystal 
monochromator. The XRD measurements were made relative to an external silicon 
standard and the phases were identified using the JCPDS (ICDD) index system. 
Rietveld refinement, a least squares refinement method, was performed using 
software called “Celref” [153] to estimate the lattice parameters and unit cell volume 
of the materials and only the peaks of interesting phase that did not overlap with those 
of the other phases were taken into account for the calculation. For the refinement 
purpose, sintered pellets were ground into fine homogeneous powder before the 
measurements in order to eliminate the effects of any residual stress induced by 
differential thermal contraction on cooling from the sintering temperature. 
 
3.2.3. Density and porosity measurements 
 
Sample density and the volume fraction of porosity were determined by geometric 
measurement and the Archimedes’ method. The dimensions were measured using a 
micrometer and weight using a digital balance (Sartorius, CP 124S) having an 
accuracy of 0.01 mg.  In the Archimedes’ measurement, the dry sample was weighed 
in air (m1) first, and then the sample was saturated with distilled water by vacuum 
infiltration for 15 min to allow complete penetration of the open pore network by the 
water and removed trapped air. The weight of the wet sample immersed in water (m2) 
was measured by weighting sample suspended from a bridge of fine copper wire in a 
beaker filled with distilled water. The sample was then gently surface-dried with a 
damp tissue before measuring the mass of sample containing water in its accessible 
pores (m3). The temperature of the water was taken using a mercury thermometer in 
order to determine the density the water (ρl). The theoretical densities (ρt) of the 
studied materials were taken from the literature using the lattice parameters that had 
been measured by the XRD technique and are shown Table 3.4. Given this 
information, the bulk density (ρb), relative density (% density) and degree of open 
porosity (∏α) could be calculated using the following relationships: 
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Where;   ρb  is the bulk density (g/cm3) 
  ρl  is the density of the immersion liquid, distilled water (g/cm3)  
  ρt  is the theoretical density (g/cm3) 
  ∏α is the open porosity (vol. %) 
  m1  is the mass of dry specimen in air (g) 
  m2  is the mass of immersed specimen in water (g) 
  m3  is the mass of soaked specimen in air  (g) 
 
Table 3.4. The theoretical density of studied materials. 
 
 
 
 
 
 
 
 
 
* calculated from XRD data 
 
3.3. Contact angle measurements 
 
Wettability is the ability of a liquid to freely spread out on a solid (or liquid) substrate, 
Wetting ability of a liquid is a function of the interfacial energies between the solid-
vapour interface (γsv), the liquid-vapour interface (γlv), and the solid-liquid interface 
(γsl). The interfacial energy is defined as the free energy per unit area at an interface 
and it is often to be referred as surface tension or surface energy of the interface. The 
Materials Density  (g/cm3) 
Sc-YSZ 5.73 [90] 
YSZ 6.04 [154] 
0.1CGO  7.24 ±0.10*  
0.2CGO 7.29 [155] 
Ag 10.53 [156] 
0.1LSC 7.42 ±0.10* 
0.4LSC 6.66 ±0.10* 
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surface tension (which has a dimension of force per unit length) is frequently used to 
refer to the liquid-vapour interfacial energy and the surface energy is a more general 
term for both the solid-vapour or liquid-vapour interfacial energy of each material. At 
the liquid-solid interface, if the attractive force between molecules of the liquid is 
weaker than the attraction of the liquid molecules to the molecules of the solid surface 
(the adhesive forces between the liquid and the solid surface compete against the 
cohesive forces of the liquid, γsl > γlv), then the wetting of the surface occurs. If, 
however, the molecules of the liquid have a stronger attraction to each other than they 
do to the solid surface (the cohesive forces are stronger than the adhesive forces         
γsl < γlv), the solid substrate is not wetted by the liquid. The spreading coefficient (S) 
which is a factor to determine the spontaneous spreading and de-wetting of a liquid 
over a solid surface has been given as [157]: 
 
Eq. 3.48    S = γsv – (γsl + γlv)       
 
As can be seen in this equation, in order for a liquid to spread on the solid surface      
(S > 0), the sum of the solid-liquid and the liquid-vapour interfacial energy must be 
lower than that of the solid-vapour interfacial energy, ((γsl +γlv) < γsv).   
 
 
 
 
 
 
Figure 3.16. Schematic representation of the wetting of a solid by two liquids with different 
wetting potential (a) wetting and (b) non-wetting. 
 
Wetting characteristics can also be quantified by measuring the contact angle (θ) of a 
drop of liquid placed on the surface of a substrate. The contact angle which is the 
angle formed by a liquid at the three phase boundary of liquid, gas and solid, is 
Liquid θ 
Solid 
Air 
θ < 90° wetting 
γsl 
γsv 
γlv 
a) 
θ 
Solid 
Liquid 
Air 
θ > 90° non-wetting 
γlv 
γsl 
γsv 
b) 
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defined by the boundaries of the solid-liquid interface and the tangent to the curvature 
of the liquid drop at the triple phase boundary. If the contact angle is less than 90º, it 
is classified as a wetting situation.  Alternatively, if the contact angle is greater than 
90º, it is defined as non-wetting. A zero degrees (0º) contact angle indicates that the 
solid is completely wet by liquid. The relation between the contact angle (on a flat 
surface) and the surface energy is given by Young as [158]: 
Eq. 3.49   
lv
slsv
γ
γγ
θ
)(
cos −=  (and  S = γlv(cosθ-1)   
In the infiltration processes, the wetting characteristic of the liquid penetrant affects 
the ability of the liquid to spread out and fill up pore of the solid. Liquid metal, in this 
case silver, is pulled into or pushed out of the pores of the pre-form ceramics by the 
driving force of the capillary action.  The capillary force is a function of the radius of 
the pore opening, r, the contact angle (θ) and the liquid-gas interfacial energy (γlv). 
The driving force for the capillary action can be expressed as [157]:  
Eq. 3.50   θγpi cos2 lvrforceCapillary =    
 
Since pressure is the force over a given area, therefore the capillary pressure can be 
derived as: 
Eq. 3.51   
r
pressureCapillary lv θγ cos2=    
 
 
Contact angle measurements were carried out in order to clarify the wetting 
characteristics of silver on Sc-YSZ, YSZ, CGO and reduced CGO surfaces. Low 
porosity oxide pellets (>96% density) approximately 12 mm in diameter and 1.5 mm 
in thickness were used in the wetting experiments. The reduced CGO sample was 
prepared by sintering a green CGO pellet in 10% H2/N2 at 1400 °C for 3 h followed 
by cooling down in the reducing atmosphere. These sintered disks were polished 
along one face with SiC paper followed by 15, 6, 3, 1 and 0.5 µm diamond paste. The 
samples were ultrasonically cleaned in acetone and dried in air at 300 ºC for 1 h prior 
to use.  To study the contact angle between silver and oxide materials, various forms 
of silver including silver wire (99.9 % purity), AgNO3 powders and Ag-CuO powders 
with various mol% of CuO were applied on top of the clean polished dense oxide 
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discs. The samples were then heated in air at 1000 ºC for 3 h for silver wire, at 500-
1000 ºC for 3 h for AgNO3 and 1050 ºC for 30 min for Ag-CuO systems.  The 
specimens were mounted in epoxy resin and then, after setting, they were sectioned 
through the interface of the silver and the oxide substrate. The cross-sectional surfaces 
were polished with SiC papers and diamond pastes. The contact angle between the 
silver and the oxide substrate was evaluated from the images obtained from optical 
microscope and SEM examination. 
 
3.4. Gas leakage measurements   
 
The leakage rates for gases across the composite materials were evaluated by 
mounting the specimen (approximately 12 mm in diameter and 1.2 mm in thickness) 
over a drilled hole (9.5 mm diameter) in a metal plate using silicone sealant. The 
metal plate was connected to an evacuated chamber of known volume and the leakage 
into the chamber was monitored using a pressure gauge (Figure 3.17).  The 
experiments were carried out in atmospheric air at room temperature (25 ºC) and 
before measuring the leakage rate across the samples, the vacuum pump connected to 
the specimen chamber was left operating for at least 30 min in order to stabilize the 
vacuum system. After isolating the chamber from the pump, the presence of air 
penetrating across the sample into the chamber resulted in an increase of pressure 
within the specimen chamber. Therefore, the leakage rates were determined by 
measuring the value of increasing pressure (by pressure gauge) over a time of 1 h.  
The background leakage rate was established by using a fully dense CGO disc (98 % 
density) in place of the composite specimen.  
 
 
The number of moles of gas permeating the specimen was calculated from the perfect 
gas equation: 
 
Eq. 3.52    PV = nRT                    
 
Where P is the measured pressure, V is the volume of gas (equal to the internal 
volume of the evacuated chamber, 15 ±0.5 cm3, this value is determined by a water 
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substitution method), n is the number of moles of gas, R is the gas constant (8.31447 
J. K-1.mol-1) and T is the absolute temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17. Diagrams showing experimental apparatus for leakage rate measurement. 
 
3.5. Electrical measurements  
 
The electrical conductivities of samples were measured using multimeter (at room 
temperature), two-probe A.C. impedance spectroscopy and four-probe D.C. 
technique. 
 
3.5.1. A.C. impedance measurement 
 
The electrical conductivities of pellet samples (∼12 mm diameter and  ∼ 1 mm thick) 
were assessed using two-probe AC impedance spectroscopy (Solartron SI 1260) in 
frequency range 1 MHz to 0.1 Hz at temperatures 25-900 ºC with platinum or silver 
paste electrodes. The electrical conductivity was determined from the fitting of the 
impedance spectra measured at various temperatures. The resistances of the samples 
were normalized by the ratio of surface area and thickness of samples to provide the 
resistivity values. 
 
 
Pump 
Pressure        
gauge 
Specimen 
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3.5.2. Four-point  probe D.C. measurement  
 
The total electrical conductivity of the composites was measured using a four-probe 
D.C. technique. In this method, an electric current is passed through a bar of sample 
and a voltage drop across a sample is measured as a function of temperature           
(25-1000 ºC).  The sintered bars with approximate dimensions 2×6×16 mm (>96% 
density) were equipped with platinum wire electrodes and platinum paste was applied 
to ensure good electrical contact. In order to avoid heating effects, the voltage drop 
across the probes was kept below 20 mV. The activation energy was obtained from 
Arrhenius plots of the electrical conductivity using the expression: 
 
Eq. 3.53        
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Where A is a temperature independent constant, ∆E the activation energy, kB the 
Boltzmann constant and T the absolute temperature. 
 
3.6. Diffusion and surface exchange measurements 
 
3.6.1. Isotope Exchange Depth Profiling/Secondary Ion Mass Spectrometry 
 
Isotope Exchange Depth Profiling/Secondary Ion Mass Spectrometry (IEDP/SIMS) is 
a direct and accurate method for measuring the oxygen diffusivity (tracer diffusion) in 
ceramic oxide materials [159; 160]. The principle of this technique is to anneal a 
polished sample in oxygen enriched in 18O2 and then depth profile the isotope 
concentration in the solid by SIMS. 18O content is measured as a function of distance 
(penetration depth) allowing the calculation of the oxygen tracer diffusion (D*) and 
oxygen tracer surface exchange (k*) coefficients of the material. 
 
3.6.2. Surface preparation 
 
In diffusion studies using the IEDP/SIMS technique, the quality of the surface 
exchange coefficient is greatly determined by the condition of the sample surface. To 
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have a high degree of confidence in the profile data, it is important to ensure that the 
surface is well-defined and the bulk has sufficiently low porosity. Therefore the 
sample must be carefully prepared prior to the oxygen isotopic exchange experiment.  
First of all, the sample must possess a relative density greater than 95%, this is to 
ensure that all open pores are eliminated and the sample is gas tight. In order to allow 
the distribution of the oxygen tracer to be uniform at any given depth, the sample’s 
surface must be free from local contaminants, smooth and as flat as possible.  In 
addition, a smooth and flat surface is also desired during the SIMS analysis, since it 
reduces the errors arising from defining the location of the surface and development 
of topography during sputter profiling. In order to prepare the surface, the dense 
Ag/CGO and LSC/CGO composites (> 96% density, ~12 mm diameter, ~1.5 mm 
thick) were mounted on a copper block using a low melting point wax. Then the 
samples were ground on one side with silicon carbide papers (240, 600, 800 and 1200 
grades) followed by polishing using diamond pastes of 15, 6, 3, 1 and ¼ µm. The 
samples were demounted, ultrasonically cleaned with acetone and deionized water 
and dried in the hot oven prior to use in 18O/16O exchange experiment. 
 
3.6.3. Oxygen 18O2 enrichment 
 
The gas-solid isotope exchange experiments were performed using isotopically 
labelled gases. The 18O
 
isotope was chosen as tracer instead of 17O to avoid a mass 
interference in SIMS analysis between 17O- and 16O1H-. The natural abundance of 18O 
is 0.204% and 0.037% for 17O [161]. The schematic arrangement of the 16O/18O 
annealing apparatus is shown in Figure 3.18. The system consists of three sections; 
the main chamber where the 16O/18O anneals are carried out, the 18O2 reservoirs and 
the quadrupole mass spectrometer which was not used in any of the isotope exchange 
experiments in this project. 
 
For oxygen isotope exchange, the sample was first loaded into a small silica (quartz) 
container prior to being placed in the silica tube. Separate silica tubes were used for 
Ag/CGO and LSC/CGO composites to avoid contamination. The main chamber was 
then evacuated using a turbo-molecular pump. After the pressure fell below 3 × 10-7 
mbar, the tube was isolated and research grade oxygen 16O2 (natural isotopic 
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abundance, 99.996% purity) was introduced into the tube. The pre-anneal process was 
then carried out at the same temperature and pressure conditions used for 18O
 
exchange anneal. This would normally last approximately ten times the length of the 
subsequent isotopic exchange times. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18.  Schematic illustration of the apparatus used for 18O/16O gaseous isotope 
exchange experiments. Adapted from [100]. 
 
The pre-anneal process was to ensure that the sample was in chemical equilibrium 
with its surroundings at the same temperature and oxygen partial pressure as the 
isotope exchange anneal. Additionally, this process could also reduce the residual 
surface damage caused by the polishing. After the pre-anneal was accomplished, the 
sample chamber was cooled to room temperature and the unlabelled oxygen was 
evacuated before the 18O2 (from 18O2 reservoirs) was introduced into the system.  The 
sample was then reheated to the anneal temperature for the required time and then 
subsequently quenched to room temperature when the isotope exchange had finished. 
The experimental conditions used for the 18O exchange anneals are given in Table 3.5.  
All measurements were carried out at a nominal pO2 of 200 mbar. During the anneals, 
the temperature was recorded as a function of time by a Pt-Pt/Rh thermocouple placed 
close to the sample and the pressure was monitored by a capacitance manometer. The 
relative isotopic concentration of 18O in the gas phase (Cg) was determined by 
oxidation of a single crystal of silicon (~ 1 × 1 cm) in 18O2 at 1000 ºC for 2 h, 
followed by SIMS analysis to determine the fraction of the tracer isotope (Cg was 
found to be about 24.5% in this study). 
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Table 3.5. Summary of the 18O exchange conditions. 
 
Isotope anneal time/s  
Materials 600 ºC 700 ºC 800 ºC 900 ºC 
14%-Ag/CGO 6000 4080 2700 n/d 
0.1LSC 
30%0.1LSC/CGO 
10920 7080 5160 2400 
0.4LSC 
20%0.4LSC/CGO 
30%0.4LSC/CGO 
10500 7080 5280 2100 
 
(n/d = not determined) 
 
3.6.4. Diffusion profile determined by SIMS analysis (Atomika 6500)  
 
SIMS is a surface analysis technique which can be used to determine trace elements or 
isotopic composition of solid materials. In this technique, a sample surface is 
bombarded with a high energy primary ion beam (O2+, N2+, Ar+, Xe+, Cs+ or Ga+, at 
energies between 1 kV and 30 kV) resulting in sputtering/emitting of secondary ions 
which are analysed in a mass spectrometer. In this study, SIMS analysis was carried 
out on an Atomika 6500 ion microprobe. The instrument is schematically illustrated 
in Figure 3.19.  The system consists of three main sections including; the primary ion 
beam column, the main/analysis chamber and the secondary ion detection system.   
 
3.6.4.1. The Atomika 6500 
 
In the Atomika 6500, the primary ion beam used for sputtering the sample surface is 
generated from a duoplasmatron ion source.  The duoplasmatron ion source is 
equipped with a cold cathode for reactive gases (e.g. O2+, N2+, Cs+) and a hot cathode 
for inert gases (e.g. Ar+, Xe+). An Ion plasma is generated in the duoplasmatron 
source by bombardment of gas molecules with electrons, the positive ions are then 
extracted from the ion plasma and are accelerated to an energy between 1-15 keV.  
The high energy primary ion beam then goes through a mass filter called a Wein 
filter. This is to eliminate the impurity species and allow only ions with a specified 
mass-to-charge (m/z) ratio to pass through before the beam reaches the sample 
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surface. O2+, N2+, Ar+ ions beam are available in the Atomika 6500, however; since 
the 18O isotope is the species to be analysed,  use of the O2+ ion is avoided to prevent 
the change of local isotopic content of the exchanged sample. In this project the inert 
species, Argon (Ar+), was used as a primary ion beam and the energy of the Ar+ beam 
was set at 5 keV in order to obtain a high intensity and well focused beam. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19. Schematic illustration of the Atomika 6500 secondary ion mass spectrometer 
[162]. 
 
The main chamber is the place where the sputtering process is carried out. The main 
chamber is maintained under the ultra high vacuum conditions, typically 5 × 10-9 
mbar during the analysis, by a combination of turbo molecular and ion pumps. This is 
to avoid the adsorption of residual gases onto the sample surface, the scattering of 
primary and secondary beams and also the interference of residual gases with the 
analyses e.g. atmospheric water, H216O+ having an atomic mass of 18, could be 
confused with 18O [159]. Samples are loaded into the main chamber on a carousel. 
The sample stage holds the carousel and it can be moved in the X and Y directions 
and also can be rotated and tilted (0º-90º). The electron gun located in the main 
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chamber is used to provide electrons (low energy electrons, ~1 eV) for charge 
compensation during bombardment of insulating or poor conductive samples.  
 
The secondary ions emitted from the sample surface by the bombardment of the 
primary ion beam are analysed by the mass spectrometer. In order to have a good 
mass resolution, the high energy secondary ions need to be energy filtered to have a 
low spread of energies (~25 eV) before they enter the quadrupole mass spectrometer. 
The quadrupole consists of four parallel circular metal rods. A constant voltage (direct 
current, d.c., voltage) is applied to two opposite rods and the other two rods are 
supplied by an oscillatory component (radio frequency, r.f., voltage) of equal and 
opposite magnitude. The sample ions are separated in the quadrupole based on their 
mass-to-charge ratio. As the trajectory of ions travelling down the quadrupole is 
affected by the applied voltages to the rods; only ions of a certain mass-to-charge ratio 
will pass through the quadrupole and reach the detector for a given ratio of voltages. 
The transmitted secondary ions are detected by a channeltron electron multiplier and 
the count rate is kept below 106 counts/second which is the saturation limit of the 
detector. 
 
3.6.4.2. SIMS analysis 
 
Two SIMS operation modes can be used to obtain diffusion data from 18O/16O 
exchanged samples namely; sputter depth profiling and line scanning.   
 
3.6.4.2.1. Sputter depth profiling 
 
Sputter depth profiling is the normal mode of SIMS analysis. This technique can be 
carried out on the sample without the need for additional sample preparation. Sputter 
depth profiling involves sputtering by the primary ion beam on the sample surface and 
monitoring the emitted secondary ions signal as a function of time which is 
subsequently related to depth.  In this operation mode, the primary ion beam is raster 
scanned across the sample surface in the shape of a square. A layer of material is 
sputtered away in each raster scan whereby the depth profile is structured by 
collecting signal from a series of raster scans. Rastering the ion beam on the sample 
surface creates a square crater with a flat base and a sloping wall.  This sloping wall 
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results from the Gaussian distribution of the primary beam current density. To obtain 
data originating from the same depth (flat based crater), electronic gating needs to be 
applied to avoid the uneven depth area (slope wall). In order to provide the depth 
scale for the diffusion profile, the sputter-time is converted to sputter-depth (assuming 
that the sputtering rate is constant throughout the analysis) by measuring the crater 
depth after SIMS analysis. Sputter depth profiling is a time consuming process.  
Typically it requires about 2 hours to achieve a 3 µm profile consisting of 300 data 
points with a beam current of 70 nA [161]. This causes the limitation of depth 
profiling to be limited to a maximum sputtering depth of 30µm. The second mode of 
SIMS operation, line scanning, needs to be employed for deeper penetration profiles. 
 
3.6.4.2.2. Line scanning depth profiling 
 
The line scanning method has been developed for samples having high 18O 
penetration depth. Data for a penetration depth up to 2000 µm can be obtained by the 
SIMS line scanning mode in the Atomika 6500 [163]. In this technique, the 18O/16O 
exchange annealed samples need additional preparation prior to analysis. A summary 
of the SIMS/line scan technique is shown in Figure 3.20.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20.  Schematic diagram summarising the SIMS/Line scan technique [100]. 
 
The sample is cut perpendicular to the exchange surface and then the exposed cross 
sections are polished down to ¼ µm finish. Before performing the line scan, the area 
EXCHANGE ANNEAL SIMS LINESCAN  
18O 16O Ion beam 
Raster clean 
Sample sectioned 
and polished 
Line scan 
18O intensity 
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of interest needs to be raster cleaned with the primary ion beam to ensure steady state 
conditions for the actual line scan. Then the finely focused ion beam is scanned along 
the diffusion path (one line scan consists of 255 points) monitoring the secondary ions 
emitted from the sample surface as a function of beam position. In this project, the 
penetration depths of all studied samples were in the range of 50-1000 µm, therefore, 
only the SIMS line scan technique was employed to obtain D* and k*. 
 
3.6.4.3. Diffusion profiles fitting and determination of D* and k* values 
 
The equation combining oxygen transfer across the gas/solid interface and oxygen 
tracer diffusion in exchange annealed sample can be derived from Fick’s second law 
of diffusion (Eq. 2.6). The gas/solid exchange coefficient , k*, is defined in terms of 
the exchange of oxygen fluxes into and out of the material. The isotope flux density is 
directly proportional to the difference in 18O isotopic concentration of the gas, Cg, and 
of the solid, Cs, at any time during the exchange. This is equal to the rate of solid state 
diffusion at the surface, 0
* )( =− xdx
dCD  (where 
dx
dC
 is the concentration gradient). 
Hence,  the boundary condition at the surface can be expressed as. 
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Assuming that the fraction of 18O2 in the gas phase, Cg, is constant over the entirety of 
the exchange anneal and the tracer diffusion occurring in a semi-infinite medium (the 
diffusion length is much shorter compared to the sample thickness), the solution to 
Fick’s second law to the diffusion equation for isotope tracer diffusion in a semi-
infinite homogeneous medium is given by Crank as [159]: 
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Here C1(x) is the normalised fraction of 18O as a function of depth x and is obtained 
from the SIMS measurements using:  
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Eq. 3.56                                           
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Where Cbg is natural background level of 18O in the sample before diffusion (0.204%) 
and t is the isotopic exchange time.  The parameter h is given by h = k* / D*.  The 
diffusion length, LD, approximating the mean penetration distance of the 18O tracer is 
defined as: 
 
Eq. 3.57                                                 tDLD *2=       
 
In this study, the 18O isotopic fraction was measured as a function of depth by SIMS 
and then the experimental data were fitted to the above solution (Eq. 3.55) by non-
linear least square regression analysis using MATLAB [164]. Hence, the bulk tracer 
diffusion coefficient, D* and surface exchange coefficient, k* were obtained (these 
are effective homogeneous medium values for the composite since the tracer 
penetration distance is much greater than the grain size of the composite). 
 
The activation energies, Ea for D* and k* of the composites were calculated from fits 
to the standard Arrhenius expression, i.e.: 
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Where kB is the Boltzmann constant and T the absolute temperature. 
 
3.6.4.4. Limitations of the SIMS line scan technique  
 
The spatial resolution (in the scan direction) is very important in the SIMS line scan 
technique. The resolution is an instrumental factor depending on the particular SIMS 
instrument used.  In the Atomika 6500, the spatial resolution is determined by the 
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primary ion beam diameter which in turn is a function of beam current. The smallest 
beam diameter of was approximately 5 µm and could be obtained by setting a beam 
current of 0.1 nA. Kilner and De Souza [159] have reported that if the beam diameter 
used is close to the penetration depth, then the line scan profile obtained will not 
correspond well with the real profile leading to a large errors in both D* and k*.  
Therefore, a large ratio of the diffusion length to the beam diameter is required in 
order to avoid false determination of D* and k*. To obtain 10% accuracy in the 
determination of D*, the diffusion length must be ten times greater than the beam 
diameter size (the ratio of the beam diameter to the diffusion length is equal to 0.1) 
[161], therefore, the minimum beam diameter of 5 µm obtained in the Atomika 6500 
can be translated to a lower limit for the diffusion length of 50 µm. The upper limit 
for line scanning is typically defined by the maximum scan range of the instrument 
used which is 2000 µm for the Atomika 6500. However, in the Atomika 6500, the 
beam is electrostatic scanning. This results in beam de-focusing and a low count rate 
for the large line scans over 1000 µm. 
  
3.7. Study of thermo-mechanical properties by dilatometry 
 
Dilatometry is a thermo-analytical method for measuring the dimensional change in a 
material as a function of temperature. The data on shrinkage, expansion, density 
change, sintering temperature and phase transition of materials can be obtained by 
using the dilatometry technique. Thermal expansion behaviour is important 
information for material applications. A large temperature gradient or mismatch in 
thermal expansion behaviour between two adjacent materials can induce unwanted 
mechanical stresses resulting in the failure of materials. Thermal expansion data are 
commonly reported in term of the linear thermal expansion coefficient (α, TEC) 
which is the ratio of the change in length per degree Kelvin to the length at reference 
temperature, 1/K. Linear thermal expansion coefficient can be expressed by following 
equation as [165]:  
 
Eq. 3.60    
T
ll o
∆
∆
=
/
α   
 
Where   lo  is the length of specimen at reference temperature, T1 
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∆l  is the observed change in length (l-lo) between T1 and  T2  
∆T  is the change in temperature T2-T1 
 
Thermal expansion coefficient can be obtained form the slope of Dilatometric curve 
which is a plot between ∆l/lo and temperature (T).  
 
In the project the sintering temperature and the TECs were measured using a 
horizontal, push-rod dilatometer (Netzsch 402E). In order to make a measurement, a 
sample was placed into an alumina holder known as the dilatometer tube then a rod on 
the axis of the tube contacted the sample to transmit the dimension change with 
temperature to transducers. The samples used in this study were prepared from 
homogeneous fine powder, ball-milled in ethanol for 48 hours and dried in air at     
400 ºC for 1 h. The sample powders were die-pressed into bar shapes at 1 tonne load 
and then isostatically pressed at 300 MPa. For sintering dilatometry, green flat-ended 
bar samples with approximate dimensions 2×6×6 mm were measured in air from 25 to 
1400 ºC at 10 K/min heating rate.   The thermal expansion coefficients of the samples 
were measured in air from 25 to 1000 ºC on flat-ended, fully-sintered bars (3×3×25 
mm) at 10 K/min heating rate calibrated against an alumina standard specimen. 
 
3.8. Study of mechanical properties  
 
Fracture toughness, KIc, is the critical value of the stress intensity required for crack 
propagation in opening mode loading (applied load is perpendicular to the crack 
faces). The unit of KIc is typically reported as MPa.m1/2. In this study, fracture 
toughness of the composites was measured at room temperature using the indentation 
method. The indentation fracture toughness test is relatively simple and quick 
compared to other methods such as the single edge notch beam test. Indentation 
cracking was performed using a standard Vickers square-pyramid indenter 
(microhardness tester, Zwick Roell, Indentec ZHV). The sample pellets (>96% 
density, 1.5 mm thickness) were polished on the face to be indented to a ¼ µm 
diamond finish. The applied loads were in the range of 4.9-19.6 N and were held for 
15 s. 10-15 indentations were made for each composition. The crack lengths were 
measured as a function of indenter load using an optical microscope which was part of 
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the microhardness instrument. The indentation depths observed in all studied samples 
were less than the 1/10 of the specimen thickness for all loads applied. The hardness 
of the specimen (Vickers hardness, Hv) was collected from the instrument, as 
determined using the standard Vickers hardness equation as.  
 
Eq. 3.61    )(2 2 GPad
PH v =      
 
Where P is the indentation load used, d is the length of the indent diagonal.  The 
geometries of the cracks at Vickers indentations are presented in Figure 3.21.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.21.  Schematic idealised geometries of (a) Vickers indent radial Palmqvist crack 
system and (b) Vickers indent radial-median (or half-penny) crack system, adapted from 
[166]. 
 
KIC of ceramic materials can be calculated based on many indentation equations [166; 
167] correlating with the crack length, the elastic modulus and the hardness of 
material. There are limitations and specifications for the use of these equations 
depending on the experimental conditions, the nature of the crack pattern around the 
indent (median or Palmqvist crack types, Figure 3.21) and also the type of materials. 
Up until now no universal equation is available to evaluate the KIC values for all 
ceramic materials.  In this study, two equations were selected from numerous 
equations proposed in the literature, one is used for treating the data based on 
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Palmqvist crack type and another is suitable for both Palmqvist and median crack 
types. These equations have been reported to give accurate results and also have been 
used by Selcuk and Atkinson [168] to determine KIC for YSZ. The KIC (MPa.m1/2) 
values were calculated based on the equations as follows:  
 
For Palmqvist type cracks 
 
Eq. 3.62   
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For both Palmqvist and median types cracks 
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Where E is the Young’s modulus, Hv the Vickers hardness, Ф a dimensionless 
constant (taken to be 2.7), c is the crack length from the centre of the indent, l the 
crack length from the corner of the indent, a the half of the length of the indent 
diagonal (Figure 3.21)  and F = -1.59 - 0.34x - 2.02x2 + 11.23x3 - 24.97x4 + 16.32x5, 
where x =  log10 (c/a). Eq. 3.62 [169] has been developed only for the Palmqvist-type 
cracks and is limited by the condition 0.25 < l/a < 2.5.  The value of l/a of all studied 
samples evaluated agreed with this condition. Eq.3.63 [170] is a curve-fitting equation 
and is suitable for both the Palmqvist and median crack types. 
 
Table 3.6. Young’s moduli of studied materials.
 
 
 
Compositions Young’s modulus, E, GPa Ref. 
CGO (Ce0.9Gd0.1O2-δ) 200 [171] 
Silver 71 [172] 
0.1LSC 122 [173] 
0.4LSC 122 [173] 
14vol.%-Ag/CGO  182 estimated value 
30vol%-0.1LSC/CGO 177 estimated value 
20vol.%-0.4LSC/CGO 184 estimated value 
30vol.%-0.4LSC/CGO 177 estimated value 
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The Young’s moduli of all studied materials are summarised in Table 3.6. It is 
important to note that Young’s moduli of La0.9Sr0.1CoO3-δ (0.1LSC) and 
La0.6Sr0.4CoO3-δ (0.4LSC) are not available in the literature; only a Young’s modulus 
of La0.5Sr0.5CoO3-δ material has been reported as 122 ±5 GPa (at room temperature) 
by Lein et al. [173]. The data on Young’s modulus of LSCF was also reported to be 
115 ±5 GPa for La0.5Sr0.5Fe0.5Co0.5O3-δ and 115 ±3 GPa for La0.5Sr0.5Fe0.25Co0.75O3-δ at 
room temperature. As the Young’s moduli of all these perovskites are similar and no 
data are available for our compositions, therefore, the Young’s moduli of 
La0.9Sr0.1CoO3-δ and La0.6Sr0.4CoO3-δ were assumed to be equal to that of 
La0.5Sr0.5CoO3-δ  at 122 GPa. The Young’s moduli of the studied composites were 
estimated using the rule of mixtures [165] as: 
Eq. 3.64  Ecomposite = ECGOVCGO + E(Ag or LSC) V(Ag or LSC)    
Where E is the Young’s modulus and V is the volume fraction of each phase. 
 
3.9. Oxygen permeation measurement 
 
3.9.1. Experimental setup 
 
Oxygen permeation experiments were performed with disc-shaped specimens of 
thickness 1.1 mm and diameter of approximately 15 mm. The fully dense sample 
pellets (> 96% density) were polished on both faces down to ¼ µm diamond finish in 
order to have the same surface condition as in the diffusion and surface exchange 
measurements. The experimental arrangement used for permeation measurement is 
schematically illustrated in Figure 3.22.  The permeation cell was placed into a 
vertical split furnace (Elite Thermal systems Ltd.) with high stability temperature 
controller to control the experimental temperature. The disc samples were sealed on 
top of an alumina tube by using a glass sealant (Dielectric IP 041, Heraeus) around 
the disc sample edge followed by heating up in air above the glass softening 
temperature at 850 °C to form a permeation cell. The effective surface area for 
oxygen permeation after was 0.785 cm2 on both feed and permeates sides. A 
thermocouple was placed close to the membrane sample to monitor the temperature.  
Oxygen permeation measurements were performed at 800 ºC by exposing one side of 
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the sealed membranes to atmospheric air (pO2 0.21 atm (21.28 kPa)) and sweeping 
the other side with high purity helium (99.99 %, BOC Gases, supplied from a 
compressed cylinder) at a rate of 0.1-35 cm3/min. The flow of helium sweep gas was 
controlled by a mass flow controller (Brooks high pressure mass flow valves model 
0154).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.22. Schematic diagram of the arrangement of oxygen permeation measurement. 
 
The composition of the effluent stream was analysed using a Shimadzu 14B gas 
chromatograph (GC). Helium (99.99 % purity) was also use as the carrier gas in the 
GC and the inlet pressure was set at 300 kPa (2.96 atm).  The sampling gases were 
introduced to the GC using a multiple switching valve with the sample injection loop 
volume of 0.5 cm3.  The sampling gases then flowed through the molecular sieve 
packed column (5A, 80/100 mesh, zeolite with 5 Å pore size, 2 m×1 mm, Co/Si steel) 
which is suitable for separating hydrogen, oxygen and nitrogen gases. The column 
temperature was maintained at 50 °C to allow a separation of compounds through 
their retention times before subsequently reaching the thermal conductivity detector 
(TDC, current 120 mA and temperature 200 °C). The TDC detector consists of a 
heated metallic filament e.g. gold, platinum or tungsten whereby the resistance of this 
filament depends on the thermal conductivity of surrounding gas; therefore, a change 
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in the filament resistance caused by temperature increase/decrease due to the different 
gases passing through can be detected and plotted as a chromatogram by a chart 
recorder (Chromatopac C-R 8A).  After changing each helium sweep gas flow rate, 
the system was left to equilibrate at least 1 hour before collecting the permeation data. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.23. Photograph of the experimental setup for oxygen permeation measurement. 
 
 
3.9.2. Data analysis 
The chromatogram is plotted between retention time and intensity (peak height and 
peak area) and  the area under each peak is proportional to the amount of that 
component in the sampling gas. In this experiment, oxygen (99.99% purity, BOC 
gases) and ambient air were used to calibrate the GC. The major constituents of air are 
nitrogen (N2, molecular mass 28 g/mol, molar fraction 0.7807 and 75.47 wt.%), 
oxygen (O2, molecular mass 32 g/mol, molar fraction 0.2095 and 23.20 wt.%) and 
argon (Ar, molecular mass 39.9 g/mol, molar fraction 0.0098 and 1.28 wt.%) [174; 
175].  The minimum detectable amount of concentration of oxygen was 1.84×10-10 
mol/cm3 and 8.47 ×10-10 mol/cm3 for nitrogen. The retention time and peak area were 
reproducible to with in ± 0.1 % error and  ± 5% error, respectively.  The concentration 
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of oxygen (
2OC ) and nitrogen ( 2NC ) in a permeate stream, in the unit of mol/cm3, was 
calculated based on these given equations: 
 
Eq. 3.65   
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Eq. 3.66   
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Where V is the volume of injection loop, 0.5 cm3, Vm is the molar volume of gas (1 
mole of gas is equivalent to 22400 cm3 at STP), Ap  and Ac are obtained from the GC 
which are the area under peak of oxygen/nitrogen corresponding to the 
oxygen/nitrogen content in permeate gas (Ap) and calibrating air (Ac), respectively. 
The presence of nitrogen in the permeate gas stream indicated that there was a 
mechanical leak taking place in the system. This leakage was likely to be due to 
partial failure of the glass sealing. In this case, by assuming that the leak gas has the 
same composition as the air (feed gas), so that the concentration of the permeate 
oxygen, permOC 2 , can be expressed as [58]: 
 
Eq. 3.67   
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The extent of the leakage can be characterized by 1 – ( permOC 2 / 2OC ) and it varied in the 
range of 2-60% in this study. The oxygen permeation flux (mol.cm-2.s-1) corrected for 
the mechanical leak  can be expressed as [58]: 
 
Eq. 3.68   
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Where F is the volumetric flow rate of the effluent stream which is assumed to be 
equal to the flow rate of helium sweep gas in cm3 (STP).min-1, A is the membrane 
effective area (0.785 cm2) and term 1/60 is used to convert the flux from minutes to 
seconds.  
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CHAPTER  4 
 
Fabrication and Characterization  
of Metal/Oxide composites 
 
 
This chapter presents the study of the various fabrication methods and the 
characterization of two-phase metal/oxide composites containing a low volume 
fraction of silver as an electron-conducting phase, throughout an ion-conducting 
matrix based on zirconia or ceria. These composites should yield benefits of the high 
oxygen ion conductivity of zirconia or ceria and the high electronic conductivity and 
fast oxygen surface exchange of silver.  
 
4.1. Powder coating method  
 
The powder coating method was the first method to be investigated for preparing 
composite membranes of silver and oxides. In this method, the concept is to coat the 
ceramic powder directly with silver by using silver nitrate (AgNO3) before 
compacting and sintering. Yttria doped scandia stabilized zirconia 
(Y2O3)2(Sc2O3)9(ZrO2)89 (Sc-YSZ) powders prepared by the precipitation technique 
were used to prepare the composites.  An SEM image of Sc-YSZ powder calcined in 
air at 1325 ºC for 12 h (Figure 4.24) shows the particle sizes of Sc-YSZ were in the 
range of 2-3 µm. This result is consistent with that of obtained from the particle size 
analysis (Figure 4.25 (a)) by which the particle sizes of Sc-YSZ were distributed 
between 0.1-10 µm (the large distribution could be due to the agglomerates of 
particles) and the equivalent volume mean particle size diameter (D [4, 3]) and the 
volume median diameter (D [v,0.5]) were 1.68 µm and 0.64 µm, respectively. 
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Figure 4.24.  SEM image of Sc-YSZ powders calcined in air at 1325oC for 12 h. 
 
 
 
 
 
 
 
 
 
 
Figure 4.25. The particle size distribution of (a) Sc-YSZ and (b) 0.1CGO. 
 
XRD studies shown in Figure 4.26 confirmed that the Sc-YSZ powders (calcined in 
air at 1325 ºC for 12 h) had the single phase cubic fluorite structure. The XRD pattern 
of the pre-calcined Sc-YSZ powders mixed with 5 at.% of silver exhibited the 
diffraction peaks of silver at the 2θ of 38.1, 40.0, 64.6 and 74.2 indicating the 
presence of silver in the composite powders and no other diffraction peaks were 
observed. It should be noted that the 5 at.% Ag/95 at.% Sc-YSZ composite powders 
still contained a nitrate as the drying temperature used, 400 ºC, is below the 
decomposition temperature of silver nitrate at 444 ºC [176].  
a) Sc-YSZ b) 0.1CGO D[4,3]  = 1.68 µm 
D[v,0.5]  = 0.64 µm 
D[4,3]  = 0.95 µm 
D[v,0.5]  = 0.40 µm 
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Figure 4.26.  XRD patterns of the Sc-YSZ powders calcined in air at 1325 ºC for 12 h and    
5 at.% Ag/95 at.% Sc-YSZ  powders dried in air at 400 ºC for 1 h.  
 
Table 4.7 shows the relative densities and electrical resistances of 5 at.% Ag/95 at.% 
Sc-YSZ pellets sintered in air at different temperatures. The theoretical density of    
Sc-YSC, 5.73 g/cm3 [90] and the density of silver was reported at 10.53 g/cm3 [156] 
(see Table 3.4). The theoretical density Ag/Sc-YSZ composite was assumed to be 
equal to the density of pure Sc-YSC, 5.73 g/cm3, because it was not clear how much 
silver was left in the composites after being sintered at high temperature. As can be 
seen in Table 4.7, the relative densities of all samples sintered at temperatures of 800-
1000 °C were very low (approximately 60%). The low densities might be due to the 
sintering temperatures used not being high enough and the silver not promoting any 
liquid phase sintering. In the case of silver-free Sc-YSZ pellets, to obtain high relative 
density at above 95 %, they need to be sintered at temperatures approaching 1600 °C 
[90]. However, due to the limitation of the much lower melting point of silver at      
962 oC [177], the composites cannot be sintered at such a high temperature. Mismatch 
between high sintering temperatures for Sc-YSZ and high vapour pressure of silver at 
these high temperatures causes this method to be unsuitable for preparing dense 
composite materials of Ag/Sc-YSZ. The electrical resistances reported in Table 4.7 
were roughly assessed by contacting the multimeter probes on opposite faces of the 
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sample pellet at room temperature and it was found that no electrical conductivity 
could be observed in any studied samples.  
 
Table 4.7. The densities and electrical resistances at room temperature of 5 at.% Ag/95 at.% 
Sc-YSZ composites. 
 
 
 
The microstructures of the studied materials were examined by scanning electron 
microscopy. Secondary electron (SE) images and EDS maps of polished and 
unpolished 5 at.% Ag/95 at.% Sc-YSZ pellets (prepared from the pre-calcined 
powders) are presented in the Figure 4.27 and Figure 4.28, respectively. It can be 
seen clearly from the SE image of unpolished pellets that silver particles (to be 
presented in the brighter phases) tended to agglomerate and separate from the         
Sc-YSZ matrix.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.27. SEM image and EDS silver map of unpolished 5 at.% Ag/95 at.% Sc-YSZ 
pellet sintered in air at 800oC for 5 h. The inset map corresponds to the area in the rectangle. 
Conditions Relative density  
(%) ± SD 
Electrical resistance  
(Ω) 
Green pellet 63 ±5 >108 
Sintered at 800 ºC, 5 h 59 ±4 >108 
Sintered at 900 ºC, 5 h 60 ±4 >108 
Sintered at 1000 ºC, 5 h 60 ±4 >108 
 
Ag 
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The EDS maps in Figure 4.28 show the distribution of zirconium and silver in the 
centre area of polished cross-sections of the sintered 5 at.% Ag/95 at.% Sc-YSZ 
samples. The dark areas in the zirconium maps correspond to the bright areas in the 
silver maps. These results show that silver metal was not dispersed uniformly in the 
Sc-YSZ matrix, but tended to aggregate in clusters. Based on the SEM, EDS and 
electrical measurement results, it can be concluded that the silver phase in the 
composite did not form a continuous connecting network throughout the zirconia 
matrix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.28. (a, b) SEM images and EDS zirconium and silver maps of centre area of 
polished cross-section 5 at.% Ag/95 at.% Sc-YSZ pellet sintered in air at 800oC for 5 h. 
(a) (b) 
Ag Ag 
Zr Zr 
SE SE 
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The concept of coating zirconia precursor powders with silver nitrate before sintering 
is therefore not feasible for producing composite materials suitable for oxygen 
separation. This is because by using this route the silver phase did not form an 
electrical connection pathway along the grain boundaries of the electrolyte phase. To 
obtain a continuous pathway of silver, increasing the volume ratio of silver to exceed 
the percolation threshold (at about 30 vol.%) might be the only way which could be 
used for preparing mixed-conducting composites by conventional powder mixing 
methods. However, this would defeat the objective to obtain the dual-phase 
composites containing a low volume fraction of silver.  Additionally, the powder 
coating process did not produce gas-tight dense material which is a critical 
requirement. In order to separate oxygen from air, membranes need to be dense so as 
to allow only oxygen ions to permeate and block the passage of the other species, 
especially nitrogen gas. Unfortunately, the mismatch between high sintering 
temperatures required for zirconia based material and the high vapour pressure of 
silver at these high temperatures prevents sintering of the composite.  As a result of 
the lack of success of the powder coating method, the silver penetration route was the 
next step explored to prepare composites of silver and zirconia or ceria. 
 
4.2. Silver penetration methods 
 
In these methods, zirconia and ceria pellets with various densities were first prepared 
then followed by introducing silver metal into the bulk materials by vapour phase 
diffusion or liquid phase penetration. The preparing conditions, specimen thicknesses, 
relative densities and electrical resistances of studied samples are shown in Table 4.8. 
The particle sizes of Ce0.9Gd0.1O2-δ (0.1CGO) powders used in this work were 
distributed between 0.1-10 µm (Figure 4.25 (b)) with mean particle size diameter (D 
[4,3]) of 0.95 µm and the median diameter (D [v,0.5]) of 0.40 µm. 
 
SEM images and EDS maps of infiltrated samples with various densities (Figure 4.29 
and Figure 4.30 for Sc-YSZ and Figure 4.31 for CGO) showed that most of the silver 
metal applied by vapour phase infiltration or silver painting remained on the surface 
of the pellets and only a very small amount of silver penetrated into the pre-form near 
the surface. The amounts of silver in the pellets examined by EDS analysis were 
consistent with the X-ray mapping in that only a small amount of silver diffused into 
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the surface of the pre-sintered pellet. The electrical measurement confirmed the 
absence of a continuous silver network in all studied samples. 
  
Table 4.8.  The density of pre-form pellets and electrical resistance at room temperature 
after infiltration with silver paint. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.29.  SEM images of Sc-YSZ pellets having different pre-form densities painted 
with silver (a) 55 % density, heated in air at 950oC for 2 h. (b) 66 % density, heated in air at 
900oC for 5 h and (c) 91 % density, heated in air at 950oC for 5 h. 
Samples Initial 
sintering 
Conditions 
Thickness 
(mm) 
(%) ± SD 
Relative 
density of  
pre-form  
(%)± SD 
Second 
Heating 
conditions 
Resistance 
(Ω) 
 
Sc-YSZ 
 
900 ºC, 2 h 
 
2.72  ±0.06 
 
55  ±4 
 
950 ºC, 5 h 
 
>108 
Sc-YSZ 1350 ºC, 3 h 0.85  ±0.05 66  ±3 700 ºC, 5 h >108 
Sc-YSZ 1350 ºC, 3 h 2.57  ±0.05 66  ±3 900 ºC, 5 h >108 
Sc-YSZ 1480 ºC, 3 h 2.15  ±0.05 91  ±3 950 ºC, 5 h >108 
0.1CGO 1100 ºC, 3 h 1.10  ±0.05 79  ±3 1000 ºC, 3 h >108 
(a) (b) 
(c) 
Ag Sc-YSZ 
Ag Sc-YSZ 
Sc-YSZ Ag 
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Figure 4.30. SEM images and EDS silver maps of Sc-YSZ pellet painted with silver paint 
(a) 55 % density, heated in air at 950oC for 2 h (b) 66 % density, heated in air at 900oC for 5 h. 
 
 
The wetting of solid zirconia and ceria by liquid silver was examined in order to 
understand the resistance of the pre-forms to silver penetration. The cross sections of 
sessile silver drops on dense oxides are presented in Figure 4.32 for Ag/Sc-YSZ, 
Figure 4.33 for Ag/YSZ and Figure 4.34 for Ag/CGO and Ag/reduced CGO.  It was 
found that the contact angles between silver and the oxides were in the range of 91º to 
96º for Sc-YSZ and YSZ and 107° to 133° for CGO and reduced CGO. As has been 
discussed in section 3.3, using the relation for defining spreading coefficient             
(S = γsv – (γsl + γlv)  (Eq. 3.48)) and Young equation (γsv =  γsl + γlvcosθ  (Eq. 3.49)), 
these high contact angles (θ > 90º) and de-wetting between silver and the oxides 
reflected the high interfacial energy between liquid silver and zirconia or ceria (γsl) 
and also the high interfacial energy between liquid silver and vapour (γlv). As the 
solid-liquid interfacial energy is affected by the liquid-vapour interfacial energy and 
the interfacial energy of liquid silver-vapour is reported to be very high at 0.92 J/m2 
(920 erg/cm2) at 1000ºC (the solid silver-vapour interfacial energy at 750 ºC is      
(a) 
(b) Ag 
Ag 
Sc-YSZ Ag 
Sc-YSZ Ag 
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1.14 J/m2 (1140 erg/cm2) [39]), it was likely that in these cases the high liquid silver-
vapour interfacial energy (or high surface energy of silver) caused a poor wettability 
of silver on the surface of the zirconia and ceria materials. Since the wetting 
characteristic of a penetrant is related to the capillary action which is responsible for 
the ability to fill up voids with penetrant (as also discussed in section 3.3), the high 
contact angles and high interfacial energy resulting in poor wetting properties 
between liquid silver and the solid oxide interfaces are responsible for the difficulty in 
the penetration of silver into the porous materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.31. SEM images and EDS maps of cerium and silver for a silver drop on a CGO 
pellet having 79% pre-form density heated in air at 1000oC for 3 h. 
 
 
 
 
 
1 
Ce Ag 
Ag 1 
Ag 
CGO 
CGO 
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Figure 4.32. Contact angles between a silver drop and Sc-YSZ substrate (97% density) after 
heating up in air at 1000ºC for 3 h. 
 
 
 
 
 
 
 
 
 
 
Figure 4.33. Contact angles between a silver drop and YSZ substrate (98% density) after 
heating up in air at 1000ºC for 3 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.34. Contact angles between silver and (a) CGO and (b) reduced CGO               
(10% H2/N2) substrates (97% density) after heating up at 1000ºC for 3 h.  
107113
(a) 
133130
(b) 
° ° 
° ° 
95º 91º 
91º 96º 
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4.3. Electrodeposition  
 
Preliminary attempts to fabricate gas-tight high density Ag/oxide composites by 
depositing silver metal electrochemically into the pores of porous ceramic pre-forms 
at room temperature were also performed. In this method, silver was electrodeposited 
into porous CGO (Ce0.8Gd0.2O2-δ (0.2CGO) and Ce0.9Gd0.1O2-δ (0.1CGO)) pre-form 
pellets having various densities using a non-cyanide electroplating solution. In order 
to increase and optimise the degree of porosity in the oxide structures, graphite and 
ethyl cellulose were used as pore formers. The electrodeposition conditions, the 
sample densities and the resistances of resulting Ag/CGO composites are shown in 
Table 4.9. It should be noted that the resistances reported in Table 4.9 were measured 
by contacting the multimeter probes onto metallic silver on opposite faces of the 
pellet. Therefore, these resistances might not represent the average electrical 
resistance of the bulk composite.  
 
Table 4.9. The electrodeposition conditions and electrical resistance of Ag/CGO materials.  
 
Pre-form composition 
(wt.%) 
Sintering 
conditions 
Relative 
Density of 
pre-form 
(%) ±SD 
Thickness 
(mm) 
EDP 
time  
(hours) 
Resistance 
(Ω) 
0.2CGO 1300 ºC/3h 85 ±3 1.2 6 >108 
0.2CGO 1400 ºC/3h 88 ±3 1.3 20 >108 
0.2CGO+3 % graphite 1300 ºC/2h 76 ±3 0.9 24 >108  
0.2CGO+3 % graphite  1400 ºC/3h 80 ±3 0.9 5 >108 
0.2CGO+15 % graphite  1300 ºC/3h 67 ±3 2.0 5 ~8 
0.2CGO+15 % graphite  1400 ºC/3h 69 ±3 1.2 5 ~10 
0.2CGO+6 % graphite  
+5 % ethyl cellulose 
 
1400 ºC/3h 67 ±3 1.3 5 ~50 
0.1CGO 1200 ºC/2h 83 ±3 1.2 5 ~15000 
 
 
The variation of current recorded during electrodeposition of silver into porous CGO 
at constant voltage 0.6 V is shown in Figure 4.35. After an initial transient, three 
distinct regions were observed during the deposition process, this behaviour is in good 
agreement with the previous report of the electrodeposition of nickel metal to spinel 
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(MgAl2O4) by Wei and Atkinson [146]. The first plateau region during the 
electrodeposition is probably due to the electrodeposition of silver into the pores in 
the porous CGO matrix. The rapid increase in the deposition current in the second 
region corresponds to silver spreading laterally as it emerges at isolated points on the 
opposite surface of the oxide substrate. This increasing deposition current continues 
until the silver begins to deposit vertically on top of the silver layer, at this stage the 
deposition current becomes constant as is evident in the third region of current-time 
curve. The plot of deposition current versus time suggests that using longer 
electrodeposition times of over 100 minutes will not improve the impregnation 
process since the electrodeposition of silver into the pores of the porous oxide occurs 
only in the first few hours. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.35. Variation of current during electrodeposition of silver into porous 0.2CGO      
(+6 wt.% graphite +5 wt.% ethyl cellulose) having 67 % initial relative density at constant 
voltage 0.6 V. 
 
The images of Ag/CGO pellets and the microstructure of polished cross sections 
examined by OM and SEM with EDS mapping are shown in Figures 4.36-4.40.  It can 
be seen clearly from the images of the Ag/CGO pellets that silver did not deposit 
uniformly over the oxide surfaces in all samples. OM and SEM images of cross 
sectional samples showed that silver grew randomly from the initial cathode and the 
electro-deposited silver was embedded in some of the pores inside the oxide pre-forms. 
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However, most of the cavities in the oxide substrates remain unfilled with silver. An 
increase in the porosity of the CGO pre-form resulted in increased silver deposition into 
and on the oxide samples. However, even in the very low density pre-forms (~67 %), 
silver still deposited unevenly and did not completely fill up all the pores in the CGO 
pre-forms. The uneven growth of silver metal in the porous oxide matrix is suggested to 
be a characteristic feature of the electrodeposition process [178]; however, it is still not 
clear whether this is necessarily true.  Since a uniform continuous silver phase 
throughout the CGO matrix to give a gas tight composite material is required for use as 
an oxygen gas separation application, it can be concluded that dense Ag/CGO 
composite membranes cannot be prepared by the electrodeposition technique without 
further research to understand, and overcome, the non-uniform deposition.   
 
 
 
 
 
 
 
 
 
 
 
 
                                      
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.36. OM and SEM images and EDS silver map of 0.2CGO pellet (sintered at      
1400 ºC for 3h) having 88 % pre-form density electrodeposited with silver. There is 
negligible penetration of silver into the porous structure. 
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Figure 4.37. OM and SEM images and EDS silver map of 0.2CGO pellet (+15 wt.% 
graphite and sintered at 1300 ºC for 3h) having 67 % pre-form density electrodeposited with 
silver. Silver has been deposited only in the large pores. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.38.  OM and SEM images and EDS silver map of 0.2CGO (+15 wt.% graphite and 
sintered at 1400 ºC for 3h) pellet having 69 % pre-form density electrodeposited with silver.  
OM 
Back surface 
Ag 
nodules 
 Cross-section 
Ag nodule 
Initial cathode 
Ag 
SE 
 Cross-section 
Ag 
 Cross-section 
At the center 
Ag 
 nodules 
Back surface 
Cross-section 
OM Silver nodule 
Electro- 
deposited Ag 
Initial 
cathode 
SE 
Cross-section 
Ag 
Cross-section 
At the center 
 
 108 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.39.  OM and SEM images and EDS silver map of 0.2CGO pellet (+6 wt.% 
graphite+5 wt.%ehtyl cellulose and sintered at 1400 ºC for 3h) having 67 % pre-form density 
electrodeposited with silver.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.40. Optical images of the back surface of 0.1CGO pellets (a) having 84 % and (b) 
83 % density after silver electrodeposition. 
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4.4.   Silver nitrate infiltration  
Due to the high interfacial energy of liquid silver in contact with zirconia or ceria and 
high interfacial energy of liquid silver-vapour, silver nitrate which has low melting 
point (210 °C [156]) and much lower liquid-vapour interfacial energy than that of 
silver (the liquid-vapour interfacial energy of liquid AgNO3 was reported at           
0.148 J/m2 (148 erg/cm2) [177]) was explored to prepare the composite materials. 
Figure 4.41 shows the contact angles between silver (introduced by AgNO3, by 
spreading AgNO3 powder on top of a polished dense CGO pellet followed by heating 
up in air at 1000ºC for 3 h) and CGO in the range of 28º to 70°. These values are 
much lower than those of obtained from pure silver indicating the lower interfacial 
energy and the tendency of silver, introduce by AgNO3, to wet the oxide surfaces 
(contact angle < 90º).   
 
 
 
 
 
 
Figure 4.41. Contact angles between silver (introduced by AgNO3) and CGO substrate 
having 96% density after heating up in air at 1000ºC for 3 h. 
 
4.4.1. Composite fabrication  
To prepare the Ag/Sc-YSZ, Ag/YSZ and Ag/CGO composites by this method, Sc-
YSZ, YSZ and CGO pellets having some open porosity were submerged into molten 
silver nitrate. The high mobility molten silver nitrate can penetrate to fill the voids of 
porous pre-forms by the driving force of capillary action. After the nitrate was 
decomposed at 500 °C, only silver remained in the pores of the oxide pre-forms. 
Figure 4.42 and Figure 4.43 show the composite pellets obtained from each stage of 
the preparation processes. After heating up to decompose the nitrate at 500 °C for 1 h, 
silver was not only impregnated into the pores of porous oxide but also formed a thin 
28º 30º 
70º 57º 
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layer coating on the surfaces of the composite pellets. The infiltration and heat-
treatment steps were repeated up to 3 times in order to increase the silver content in 
the composites. 
 
 
 
 
Figure 4.42. (a) Porous pre-formed CGO pellet having 82% density (b) CGO infiltrated with 
AgNO3 (C) CGO infiltrated with AgNO3 and decomposed to silver and (d) CGO infiltrated 
with silver after removing silver coating layer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.43. Ag/CGO pellets infiltrated with silver (by nitrate process) by number of 
infiltrations (a) before removal of outer layers and (b) after removal of each surface layers 
before re-infiltration. 
The relative densities and open porosities of the pre-form pellets and the percentage 
of silver content and resistances of the composite materials are shown in Table 4.10, 
Table 4.11 and Table 4.12 for Sc-YSZ, YSZ and CGO materials, respectively. The 
(a) (b) (c) (d) 
(a) 
×3 ×2 ×1 
×1 ×2 ×3 
(b) 
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weight percentage of silver content in the composites reported in Table 4.12 includes 
the silver both in the bulk and in the coating layer. However, the degree of open 
porosity was measured on samples from which the surface layers had been removed.  
Table 4.10. The densities of Sc-YSZ pre-form pellets and electrical resistance of         
Ag/Sc-YSZ composites (one time infiltration). 
 
Sintering 
Conditions 
Density (g/cm2) 
 ± SD 
Relative density  
(%) ± SD 
Open porosity 
(%) ± SD 
Resistance 
(Ω) 
1400 ˚C 3h 5.43 ±0.14 75 ±3 26 ±3 ~ 0.3-0.5 
1480 ˚C 3h 5.59 ±0.14 90 ±3 8 ±3 ~ 600,000 
 
Table 4.11. The densities of YSZ pre-form pellets and electrical resistance of Ag/YSZ 
composites (one time infiltration). 
 
Sintering 
Conditions 
Density (g/cm2)  
± SD 
Relative density 
(%) ± SD 
Open porosity 
(%) ± SD 
Resistance 
(Ω) 
1250 ˚C 2h 4.32 ±0.14 73 ±3 36 ±3 ~ 0.2  
1350˚C 3h 4.64 ±0.14 79 ±3 22 ±3 ~0.3-0.5  
1400˚C 3h 4.82 ±0.14 82 ±3 20 ±3 ~0.3-.05  
 
Table 4.12. The density of CGO pre-form pellets and electrical resistance of Ag/CGO materials. 
 
(n/d = not determined) 
Density±SD After impregnation Samples 
 
Sintering 
conditions 
Infiltra
-tion 
(times) g/cm3 
 
(%) 
Open 
porosity 
(%) Ag wt.% 
content 
Resistance  
(Ω) 
CGO 0 5.45 ±0.3 77 ±4 24 ±2 0 >108 
1 5.67 ±0.2 n/d n/d n/d ~0.3 Ag/CGO 
1150ºC/2h 
2 6.22 ±0.2 n/d n/d n/d ~0.3 
CGO 0 5.93 ±0.3 82 ±3 16 ±2 0 >108 
1 6.10 ±0.2 n/d 16 ±2 4.2 ±0.1 ~6000 
2 6.20 ±0.3 n/d 13 ±2 6.6 ±0.1 ~11.9 
Ag/CGO 
1200ºC/2h 
3 6.24 ±0.2 n/d 12 ±2 7.9 ±0.1 ~1.2 
CGO 0 6.32 ±0.1 87 ±1 7 ±1 0 >108 
1 6.49 ±0.3 n/d n/d 4.1 ±0.1 >108 Ag/CGO 
1300ºC/2h 
2 6.63 ±0.2 n/d n/d 7.5 ±0.1 >108 
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The low resistances showed that the silver phase formed a continuous pathway for 
electron transport throughout some composites. In addition, the more the open 
porosity, the higher the possibility that silver can occupy the space in the pre-formed 
oxides as can be seen by the lower resistance observed in the samples having lower 
pre-form density and higher open porosity. It was also clear that the greater the 
number of repeat infiltration and heat-treatment steps, the higher the silver content in 
the composites. However, it appeared that silver did not completely fill up all the 
pores in the pre-form oxides, even in the composites with highest silver content 
(repeating the infiltration processes for three times), there was still a high degree of 
porosity (~12 vol. %) observed in the samples. 
 
The microstructure and the distribution of elements in the composites (at the centre of 
cross-section pellets) prepared by infiltration and decomposition of silver nitrate are 
shown in Figures 4.44-4.51. The variations of microstructure of the composites are due 
to the different microstructures of the oxide porous pre-forms. It can be seen clearly 
that silver was deposited in the pores of the Sc-YSZ, YSZ and CGO pre-forms and 
distributed throughout the composite materials.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.44. SEM images and EDS silver map of Sc-YSZ pre-form pellet (at the centre of 
cross-section) having 75 % pre-form density infiltrated with silver by nitrate route.   
 
 
 
 
 
 
Ag SE 
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Figure 4.45. SEM images and EDS silver map of Sc-YSZ preform pellet (at the centre of 
cross-section) having 90 % pre-form density infiltrated with silver by nitrate route. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.46. OM, SEM images and EDS zirconium and silver maps of YSZ preform pellet 
(at the centre of cross-section) having pre-form 73 % density infiltrated with silver by nitrate 
route.   
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Figure 4.47. OM, SEM images and EDS zirconium and silver maps of YSZ preform pellet 
(at the centre of cross-section) having 81 % pre-form density infiltrated with silver by nitrate 
route.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.48. OM images of CGO pre-form pellet having 80 % pre-form density infiltrated 
with silver (a) once and (b) three times and heated in air at 500 ºC for 1 h. 
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Figure 4.49. OM, SEM images and EDS silver maps of CGO pre-form pellets (at the centre 
of cross-section) having 83 % pre-form density infiltrated with silver by nitrate route were 
heated in air at (a) 500 ºC for 4 h and (b) 1000 ºC for 1 h. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.50. SEM images of silver coating films (a) one time infiltration (b) two times infiltration.  
(a) (b) 
~ 9 µm 
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Figure 4.51. SEM, BE images and EDS silver maps of CGO pre-form pellets (at the centre 
of cross-section) having (a) 77 % and (b) 82 % pre-form densities infiltrated with silver by 
nitrate route and heated in air at 500 ºC for 1 h.  
(a) (b) 
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4.4.2. Electrical measurements 
 
The electrical conductivities of the oxide and the composites prepared by silver nitrate 
infiltration and decomposition were examined by A.C. impedance spectroscopy and 
four-probe D.C. measurement. The Arrhenius plots of the electrical conductivity 
measured in air of CGO and Ag/CGO composites (82% pre-form density) infiltrated 
once and decomposition by silver nitrate are shown in Figure 4. 52.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 52. Electrical conductivities of CGO and Ag/CGO (82% pre-form density and one 
time infiltration) with and without silver coating layer. The conductivity of CGO and the 
composite with the surface layer removed were examined by D.C. four-probe technique while 
the conductivity of the composite with the surface layer intact was measured by A.C. 
impedance spectroscopy. 
 
It can be seen that the Ag/CGO composites having the same pre-form density of 82% 
but different in geometry, one with the silver surface layer intact and the other with 
the surface layer removed, exhibited different electrical behaviour. The Ag/CGO 
composite with no silver coating layer had slightly higher electrical conductivity than 
that of pure CGO, in addition, the electrical conductivities of both samples increased 
with increasing temperature which is the characteristic of ionic conducting solid oxide 
materials. This suggested that the Ag/CGO composite had a continuous CGO phase 
and a discontinuous silver phase in the bulk, and therefore, the composite showed 
-3
-2
-1
0
1
2
3
4
0.8 1.2 1.6 2 2.4
103/T (K-1)
lo
g 
σ
T 
(S
.
cm
-
1 .
K
)
CGO (D.C.)
Ag/CGO (D.C., surface layer removed)
Ag/CGO (A.C., surface layer intact) 
500  300  400  200                ºC 600  800  
 118 
similar electrical behaviour to CGO material. The slightly higher electrical 
conductivity of the Ag/CGO composite is probably because of the contribution of the 
scattered silver phase. This suggests that the silver might have some effect on 
electrical transport through the CGO lattice. Conversely, the electrical conductivity of 
Ag/CGO composite with silver coating layer intact was several orders of magnitude 
higher than those of CGO and Ag/CGO composite with the surface layer removed and 
it also followed the temperature behaviour of silver in which the conductivity 
decreased with increasing temperature. The difference in electrical behaviour between 
the bulk composite and the composite with the silver surface layer intact having the 
same pre-form density indicated that the silver phases in the bulk material were not 
percolated and the silver coating layers on the surfaces acted as electronic short 
circuits so they gave the composites a higher apparent electrical conductivity. 
 
With the benefits of higher mobility and lower interfacial energy with gas and the 
oxide, the silver nitrate infiltration method has been used to prepare Ag/Sc-YSZ, YSZ 
or CGO composites. Increasing the silver content in the composites by repeating the 
infiltration and heat treatment steps leads to composites having lower residual 
porosity and could also improve the electrical performance. However, this repeated 
infiltration process is time consuming and not suitable for practical fabrication. 
Therefore, better approaches to prepare low porosity Ag/oxide composites were still 
required. 
 
4.5. Infiltration with silver plus copper oxide 
 
4.5.1. Composite fabrication   
 
Since the operating temperatures of zirconia-based ionic conductors with reasonable 
fluxes are high [3], this might cause rapid degradation of Ag/Sc-YSZ and Ag/YSZ 
membranes if they are operated at high temperature. Therefore, from this point only 
development of Ag/CGO (0.1CGO) membranes which can operate at lower 
temperature (600-800 °C) was carried out.  
 
As has been discussed in the previous section, the high interfacial energy of liquid 
silver-vapour and the high interfacial energy of pure liquid silver with the ionic 
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conductor are responsible for the difficulty in preparing composite materials of 
Ag/CGO by the silver penetration method. Since these two parameters are related, so 
it seems that reducing the liquid silver-solid oxide interfacial energy is one of the key 
factors to produce Ag/CGO composites by the infiltration method. In this approach, 
therefore, CuO was introduced into the molten silver in order to reduce the interfacial 
energy of liquid silver and thereby improve the wetability of silver on the oxide 
materials, as Ag-CuO system has been reported successful utilisation for ceramic 
brazing and infiltration applications [149; 150; 179]. Figure 4.53, shows the interfaces 
between Ag-CuO with various mol% of CuO contents and CGO materials. It was 
clear that adding CuO to silver could impressively reduce the contact angles from the 
range of ~110°-91° to ~35°-20°. This result is similar to those reported previously in 
which the contact angles of liquid Ag-CuO on oxide materials, Ag-CuO on alumina 
[148; 150; 179], Ag-CuO on YSZ [149] and Ag-CuO on LSCF [147], were much 
lower than 90º. The low contact angle between silver and CGO (< 90°) suggests that 
molten Ag-CuO can wet a CGO surface and also has the potential to infiltrate a 
porous CGO pre-form (as has been discussed in section 3.3).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.53. Contact angles between silver (Ag-CuO) and CGO substrate having 97% 
density after heating up in air at 1050ºC for 30 min. 
Ag+6 mol% CuO  Ag+8 mol% CuO  
Ag+4 mol% CuO  Ag  
91° 95° 
35° 
20° 22° 
23° 28° 
33° 
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A plot of contact angle of the Ag-CuO/CGO interface as a function of CuO content is 
shown in Figure 4.54.  The wetting angle decreased significantly with increasing CuO 
content to 4 mol% and then slightly decreased further at 4-8 mol% of CuO. As the 
wettability is strongly dependent upon the oxygen partial pressure, the impressively 
decrease in contact angle by introducing the CuO to liquid silver was suggested by 
Meier et al. [179] to be because the addition of oxygen from CuO to the liquid silver 
could lower the liquid silver-vapour interfacial energy.  By varying the oxygen partial 
pressure and temperature, the values of interfacial energy of liquid silver-vapour 
ranged from 0.600 to 0.920 J/m2 [39; 179]. Thus, the reduction in liquid-vapour 
interfacial energy of liquid silver by adding CuO could also be partially responsible 
for the improvement of the wettability of liquid silver on CGO surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.54. Variation of contact angles with various volume fraction of CuO. 
 
The addition of CuO to silver also results in the formation of a lower melting point 
Ag-CuO eutectic.  As can be seen in the phase diagram of the Ag-CuO system shown 
in Figure 4.55, the eutectic reaction occurs at approximately 932 ºC and 98.6 mol% 
silver (the melting point of pure silver is 962 ºC). Figure 4.56 shows cross-sectional 
SE, BE micrographs and EDS element maps of the interface between a CGO pre-form 
having ∼87% density and Ag-6 mol% CuO composition. The black areas in the BE 
image were confirmed by EDS to be a phase containing copper and oxygen , the white 
areas corresponded to silver phases and the gray areas were assigned to be CGO 
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phases.  The BE image together with the EDS maps showed that silver metal 
penetrated into the pores of porous CGO and only a very small amount of CuO was 
found in the CGO matrix. The CuO precipitates were found along the Ag/CGO 
interface and also within the pure silver matrix. No evidence of reaction was observed 
between Ag-CuO and CGO phases. These results are in good agreement with those 
have been reported by Kim et al. for Ag-CuO/YSZ [149] and Hardy et al. for Ag-
CuO/LSCF [147] systems that the CuO precipitates were found at both the interface 
with the oxide substrate and within a pure silver matrix.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.55. Silver-Copper oxide Phase diagram in air by Shao et al.[180]. 
 
The segregation of copper and oxygen to the Ag/CGO interface can be explained by 
Ag-CuO phase diagram (Figure 4.55). Two immiscible liquid phases, L1+L2, form 
when hypoeutectic compositions (Ag-(2-6%molCuO) in the present experiments) are 
heated to 1050 ºC, one which is copper oxide-rich liquid, L1, and  the other silver-rich 
liquid, L2, in which the silver-rich liquid is the major phase. At this temperature, due 
to its higher CuO content and lower expected interfacial energy with the oxide 
substrate, the copper oxide rich liquid, L1,  preferentially migrates to and wets the 
oxide substrate and in fact, it was suggested by  Hardy et al. [147] that this liquid ,L1,  
is likely to be the one that infiltrates to the open porosity in the oxide driven by 
capillary forces.  When the immiscible liquids reach the CuO+L2 miscibility gap upon 
   Ag-6mol%Cu 
L1 = Copper oxide-rich liquid 
L2 = Silver-rich liquid 
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cooling down, CuO begins to nucleate and then to precipitate from the liquid solution, 
this results in the forming of CuO precipitates along the boundary with CGO and also 
in the bulk of silver as observed in Figure 4.56.  The CuO nucleation occurs 
preferentially on the pre-existing solid CGO interface because of the favorable 
energetics associated with the heterogeneous nucleation [149]. Therefore, it is likely 
that the precipitation of CuO from the Ag-CuO braze along the Ag-CuO/CGO 
interface was a result of cooling liquid Ag-CuO through the CuO+L2 miscibility 
region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.56.  SEM  and BE images and EDS maps of a polished cross section of CGO pellet 
having 87 % pre-form density infiltrated with silver and 6%CuO.  
Ag 
O 
Cu 
Ce 
SE BE 
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The images, the densities and the porosities of CGO and Ag/CGO pellets impregnated 
with Ag-CuO are presented in Figure 4.57 and Table 4.13. The theoretical density of 
Ag/CGO composites prepared by infiltrating ∼82% CGO pre-form density with      
Ag-6mol%CuO was 7.70 g/cm3, this value was calculated using the rule of mixtures 
by assuming that the composite contains 14 vol% of silver. The results obtained from 
all studied samples suggested that dense Ag/CGO composites have been successfully 
prepared by infiltrating pre-formed CGO having ∼82% density with Ag-6 mol% CuO 
at 1050 ºC and held at this temperature for 30 min. By using this condition, the 
composites, contained approximately 14 vol% of Ag, had very low residual porosity 
(96 % relative density) and also exhibited a very low residual gas leakage rate at room 
temperature. The leakage rate and the flux of air across 1 mm thick 14%-Ag/CGO 
composite were 6.4 × 10-4 mbar.s-1.cm-2 and 3.9 × 10-10 mol.s-1.cm-2 respectively, with 
background leakage rate of 8.3 × 10-3 mbar.s-1.cm-2 and flux of    5.1 × 10-9 mol.s-1.cm-
2
. This indicated that the silver phases blocked the open pores inside the oxide 
structures and hence blocked the passage of gases through the composite materials.  
 
Experiments were carried out to improve the composite by varying the density of the 
porous pre-forms and CuO content of the silver. These showed that some pores in the 
porous CGO were remained unfilled on increasing the pre-formed density to ≥ 87% or 
lowering the CuO content to ≤ 4 mol% (see Table 4.13 and Figure 4.57). The smaller 
number of continuous open cavities combined with an increasing number of isolated 
pores in denser pre-formed CGO might be responsible for the non-uniform 
distribution of silver throughout the higher density preforms. In the case of the CuO 
content, adding only 4 mol% of CuO to silver might not be sufficient to provide 
enough driving force for liquid Ag-CuO to be able to penetrate into all the voids in the 
pre-formed CGO, since the capillary force is a function of the contact angle and the 
liquid-vapour interfacial energy (see Eq. 3.50). The attempt to infiltrate CGO by 
molten Ag-8mol%CuO was not performed, even though it provides slightly lower 
wetting angle on CGO than that of Ag-6mol%CuO. This is because a Ag/CGO 
composite containing a high volume fraction of CuO is not desired. Raising the 
heating temperature to above 1050 ºC could also reduce the viscosity of the molten 
Ag-CuO, however, a previous wetting study [179] suggested that the wettability of 
silver on ceramic is only a weak function of temperature. Therefore, from these 
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results, it can be concluded that the optimum condition for preparing the Ag/CGO 
composites with a minimum continuous silver network is to infiltrate molten Ag-6 
mol% CuO into porous pre-formed CGO having ∼82% density at 1050 ºC for 30 min. 
 
Table 4.13. The density and porosity of CGO pre-form and Ag/CGO composites produced 
by infiltration with Ag-CuO. 
 
Pre-formed CGO 
 
After infiltrated with Ag-CuO at 
1050ºC/30 minutes 
Density ±SD Density ±SD Sintering 
conditions 
g/cm3 % 
Open 
porosity 
(%±SD) 
Closed 
porosity 
(%±SD) 
mol of 
CuO 
% g/cm
3
 % 
Open 
porosity 
(%±SD) 
Vol % 
of 
Ag 
4 6.48±0.1* n/d 9.2±0.5 n/d 1200ºC 
/2h 
6.01±0.2 82 ±3 15.1 ±3 2.8 ±2 
6 7.37±0.1 96 ±1 0.1±0.1 14.3±2 
1300ºC 
/2h 
6.32±0.1 87 ±1 6.6 ±1 6.2 ±1 6 7.10±0.1* n/d 0.6±0.3 n/d 
 
n/d = not determined 
 
* = Some pores in the pre-formed CGO remained unfilled 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.57. CGO pellets having (a) ∼82% pre-form density and (b) ∼87% pre-form density 
infiltrated with Ag/6 mol% CuO at 1050 °C for 30 min, where ‘top’  is referred to the surface 
that the Ag-CuO powders were spread over and ‘bottom’ is the side that silver penetrated to. 
 
 
Figure 4.58 shows SEM, BE images and EDS maps of a polished cross section of a 
Ag/CGO composite prepared by infiltrating a pre-formed porous CGO pellet having 
82% density with molten Ag-6%mol CuO at 1050 ºC for 30 min. The silver element 
mapping shows that silver was distributed uniformly throughout the CGO pore 
structure.  
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Figure 4.58. SE and BE SEM images and EDS maps of a polished cross section of CGO 
pre-form pellet having 82 % density infiltrated with Ag-6mol% CuO (14%-Ag/CGO 
composite).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.59. XRD patterns of CGO and 14%-Ag/CGO materials. 
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XRD patterns of the CGO and Ag/CGO composites are shown in Figure 4.59. The 
composites showed the fluorite phase of CGO and silver, no other phases were 
observed, such as CuO. This could be because the amount of CuO content in the 
composite was very low and was lower than the detection limit of X-ray powder 
diffraction measurement which is normally at 3-6 wt.% [181]. The lattice parameter 
of 14%-Ag/CGO obtained from the XRD refinement was 5.4264 ±0.0061 Å (volume 
= 158.78 ±0.179 (Å)3) which is similar to that of CGO, 5.412 ±0.003 (volume = 
158.54 ±0.086 (Å)3), this indicated that there was no significant reaction between 
silver and CGO phases.  
 
4.5.2. Electrical measurements  
 
The plots of real and imaginary resitivities of CGO at various temperatures are shown 
in Figure 4.60. At the lowest temperature of 150 ºC, the impedance spectrum of CGO 
contained three obvious features. The first semicircle in the high frequency region 
(capacitance of 5-3 pF) can be identified as CGO lattice resistance. The arc in the 
medium frequency region with a capacitance of 3-9 nF was assigned as grain 
boundary resistance and the feature appearing at low frequency with capacitance       
3-5 µF was identified as the resistance associated with electrodes. By increasing 
temperature to 250 ºC, the arc associated with the bulk resistance was evident in part.  
At the temperature higher than 450 ºC, only the feature associated with electrodes was 
observed in the resistivity plot. 
 
Arrhenius plots of A.C conductivity of CGO including grain interior and grain 
boundary conductivity and D.C. conductivity of silver [102], CGO and 14%-Ag/CGO 
composites measured in air at various temperatures are shown in Figure 4.61 together 
with a total conductivity (A.C.) of CGO collected from the literature. As can be seen 
that both A.C and D.C conductivities of CGO obtained from this work compare well 
with that has been reported by Kharton et al.[95].  However, the D.C. conductivities 
of CGO at lower temperature (450-600 ºC) were slightly lower than those of the A.C 
and the literature values. This could be due to an experimental error arising when 
measuring high resistivity specimens using a four-probe D.C. technique. This 
inaccurate determination could be responsible for a slightly higher activation energy, 
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Ea, obtained from the Arrhenius plots of D.C. conductivity (0.95 eV) than those of the 
A.C. (0.67 eV) and the literature (0.67 eV [95]). The Ea for bulk and grain boundary 
conduction of CGO were 0.63 eV and 0.74 eV, respectively. These observations are 
slightly lower than those reported by Jasper et al. [182] at 0.81 eV for bulk and      
0.95 eV for grain boundary conduction. This could be result of the different sintering 
condition used or a variation of grain size.   
 
 
 
 
2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.60. Resistivity spectrum (Ω.cm) of CGO in air obtained using platinum electrode 
 
The electrical conductivity of the 14%-Ag/CGO composite follows the temperature 
behaviour of the pure silver component but at a reduced magnitude. It decreased 
slowly with increasing temperature to 650 ºC and then drastically decreased at 
temperature above 700 ºC.  This steep decrease in the conductivity could be a result of 
a rearrangement of silver in CGO pores occurring at high temperature. Although the 
conductivity of the composite dropped below 100 S.cm-1at high temperatures (750-
850ºC), the electrical conductivity was still several orders of magnitude higher than 
that of the CGO. The high magnitude of the conductivity of 14%-Ag/CGO 
composites indicates that a three-dimensional electronically conducting network was 
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formed continuously throughout an ion-conducting matrix. The percolation threshold 
of infiltrated composite at this low volume fraction of electronic phase, 14 vol% Ag, 
is much lower than the percolation threshold obtained from typical conventional 
powder mixing method, e.g. the percolation thresholds of a dense 
Bi1.5Y0.3Sm0.2O3/Ag, composite prepared by power mixing method have been reported 
to be approximately 30-40 vol% of silver phase [74]. The good conductivity 
performance of the infiltrated Ag/CGO composites with low volume fraction of 
electronic phase (14% of Ag) can be attributed to the different microstructure 
achieved in the infiltrated composites. This indicates that the conductivity of the 
composites not only depend on the volume fraction of the components but also the 
distribution of the individual grains in the materials. From the above results, it can be 
concluded that gas-tight dense mixed conductive composites of 14%-Ag/CGO can be 
prepared by infiltration of porous CGO with molten Ag-6 mol %CuO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.61. Electrical conductivities of CGO [95] and 14%-Ag/CGO materials. 
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to the great difference in sintering temperature and poor wetting between silver and 
the ionically-conducting oxides, dense dual-phase composites could not be prepared 
by powder coating or pure silver penetration methods. Attempts to electrodeposit 
silver into pores of the oxide pre-forms were also performed, but due to a 
characteristic feature of the electrodeposition process, the metallic phases tend to 
grow unevenly in the porous matrix. Hence, dense composite materials with silver 
phase distributing uniformly throughout the oxide matrix could not be achieved using 
this method.  A continuous silver phase in zirconia and ceria matrices was 
successfully produced by liquid infiltration of molten silver nitrate into porous oxide 
pre-forms. This method has been developed by taking advantage of the high mobility 
and the good wetting property of molten AgNO3. However, gas-tight dense materials 
could not be achieved even in the composites with high silver contents due to 
redistribution of silver in the pore of the pre-form when the nitrate was decomposed. 
 
Due to the likely high operating temperature required for Ag/zirconia membranes, 
only the development of Ag/CGO composites was carried out targeting 600-800 °C. 
After many attempts, dense mixed conductive Ag/CGO composites with low volume 
fractions of silver were successfully prepared by infiltration of porous CGO pre-
forms with molten Ag-6 mol% CuO. The addition of oxygen to molten silver by 
adding CuO, resulted in the lowering of liquid silver-vapour interfacial energy and 
liquid silver-CGO interfacial energy.  Ag/CGO composites containing 14 vol% of 
silver prepared this way were above the percolation threshold of the electronic 
conductor. They showed good electrical conduction and had low residual porosity 
(∼96 % relative density). Furthermore, the composites exhibited a low residual gas 
leakage rate at room temperature. No evidence of reaction was observed between Ag-
CuO and CGO phases. These results indicated that 14%-Ag/CGO composites 
prepared by Ag-CuO infiltration have a potential to be developed as a passive oxygen 
separation membrane. Further studies on their thermal and mechanical properties, 
oxygen diffusivity, surface exchange activity and oxygen permeability are reported in 
subsequent chapters.  
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CHAPTER  5 
 
Fabrication and Characterization  
of Oxide/Oxide membranes 
 
 
This chapter describes the preparation and characterization of the composites 
containing gadolinia doped ceria, Ce0.9Gd0.1O2-δ (CGO), and strontium-doped 
lanthanum cobaltite, La0.9Sr0.1CoO3-δ (0.1LSC), or La0.6Sr0.4CoO3-δ (0.4LSC). The aim 
is to combine the high oxygen ion conductivity of CGO and high electronic 
conductivity and fast oxygen surface exchange of LSC. Additionally, the LSC is also 
permeable to oxygen and so should not provide an internal barrier to oxygen 
transport.  Therefore, this chapter will focus on preparation and characterization of 
LSC/CGO composites in which the volume fraction of LSC is minimised, while 
maintaining sufficient electronic conductivity in order to produce a composite with a 
oxygen diffusivity close to that of pure CGO, an oxygen surface exchange rate close 
to that of LSC, an electronic conductivity greater than ionic conductivity and a 
thermal expansion coefficient closer to that of CGO. 
 
5.1. Material preparation 
 
Dilatometry was used to optimise the sintering schedules of the LSC/CGO composites 
prepared by the conventional powder mixing method. The sample bars were prepared 
from homogeneous fine powder, ball-milled powders at the target volume ratio in 
ethanol for 48 hours and dried in air at 400 ºC for 1 h. The powders were then die-
pressed into bar shapes at 1 tonne load followed by being isostatically pressed at 300 
MPa. The specific surface area and the particle size determined by volume median 
 131 
diameter (D[v,0.5]) are 7.38 m2/g and 0.4 µm for CGO, 3.12 m2/g and 0.7 µm for 
0.1LSC and 5.48 m2/g and 0.7 µm for 0.4LSC. The linear shrinkages of CGO, 0.1LSC 
and the composites of 20%-0.1LSC/CGO and 30%-0.1LSC/CGO are presented in 
Figure 5.62 
 
Figure 5.62. Dilatometric sintering curves of CGO, 0.1LSC and the composites of these 
materials (10 K/min heating rate). 
 
It can be seen that all studied samples started to shrink at a temperature between 900-
1000 ºC. The samples continuously shrank as temperature increased and then 
maximum density was reached at approximately 1350 ºC for CGO and 0.1LSC and 
1150 ºC for the composites. The difference in shrinkage characteristics of the 
LSC/CGO composites from those of the constituent materials, LSC and CGO, is in 
good agreement with the work of Mori et al. [183] who reported that mixing 
La0.6Sr0.4CoO3-δ with CGO could improve the sintering characteristic of CGO and 
lower the densification temperature to approximately 1000 ºC. It was suggested that 
this might be due to the cobalt in the perovskite phase, LSC, influencing the sintering 
process of CGO. Cobalt is known to be an effective sintering aid for CGO, in that 
many studies have reported that adding a small amount of cobalt (e.g. 0.5-5 mol%) to 
CGO could reduce the sintering temperature of CGO to below 1100 ºC resulting in 
the production of fully densified materials at lower temperature [184; 185]. In 
addition, due to the low concentration of cobalt in the reported studies; it was found 
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that cobalt had a negligible effect on either the ionic or the electronic performance of 
CGO.  It is still not clear what is the mechanism of cobalt in the sintering process of 
CGO. One possibility is that although cobalt oxide has a high-temperature melting 
point (1935 ºC for CoO [183]), they form low-temperature melting point reaction 
products with CGO [186]. These reaction products then result in liquid-phase 
sintering at lower temperature. The solubility of cobalt in CGO has been reported to 
be lower that 1 mol% [187]. Other suggestions made to explain the effect of cobalt in 
the sintering process are that the reduction of Co3O4 to CoO at 900 ºC [183] and the 
vapour of cobalt released from cobalt oxide particles might be responsible for 
improving the sintering characteristic of CGO [188].  However, all these mechanisms 
have little experimental evidence to support them. 
 
Table 5.14. The density and porosity of sintered CGO, LSCs and LSC/CGO composite 
materials. 
 
Samples Sintering 
conditions 
Theoretical 
density 
(g/cm3) 
Density 
(g/cm3 
±SD) 
Relative 
density 
(% ±SD) 
Open 
porosity 
(% ±SD) 
CGO 1400 ºC/6h 7.24 * 7.00 ±0.62 96.69 ±0.86 0.06 ±0.05 
      
0.1LSC 1300 ºC/4h 7.42 * 6.97 ±0.01 93.89 ±0.04 0.06 ±0.03 
20%0.1LSC/CGO 1150 ºC/4h 7.28 6.94 ±0.03 95.36 ±0.42 0.22 ±0.10 
30%0.1LSC/CGO 1150 ºC/4h 7.29 6.94 ±0.01 95.10 ±0.20 0.15 ±0.13 
      
0.4LSC 1300 ºC/4h 6.66 *  6.38 ±0.01 95.81 ±0.03 0.14 ±0.16 
20%0.4LSC/CGO 1150 ºC/4h 7.12 6.88 ±0.02 96.61 ±0.21 0.12 ±0.09 
30%0.4LSC/CGO 1150 ºC/4h 7.07 6.84 ±0.02 96.73 ±0.34 0.26 ±0.14 
 
* calculated from XRD data, see section 3.2.3. 
 
The final densities and porosities of studied samples are shown Table 5.14. The 
theoretical density of the composites was calculated based on the rule of mixtures by 
combining the volume fraction density of each phase. As can be seen, after sintering 
at the optimum condition evaluated from dilatometry, 1150 ºC for 4 h; both 
composites of 0.1LSC/CGO and 0.4LSC/CGO series had very low residual porosities 
and 95-97 % relative density as intended.  In addition, the composites also exhibited a 
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very low residual gas leakage rate at room temperature. The leakage rate and the flux 
of air across the 1 mm thick 30%-0.1LSC/CGO composite were recorded at 1.6 × 10-3 
mbar.s-1.cm-2 and 9.5 ×10-10 mol.s-1.cm-2, respectively (the background leakage rate of 
the system was found to be 8.3 × 10-3 mbar.s-1.cm-2 and 5.1 × 10-9 mol.s-1.cm-2). These 
results indicated that the LSC/CGO composites sintered at 1150 ºC for 4 h are gas-
tight and should be impermeable to direct gas passage.  
 
5.2. Material characterization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.63.  XRD patterns of CGO, 0.1 LSC and the composites. 
 
XRD patterns of 0.1LSC, CGO and the composites are shown in Figure 5.63. X-ray 
diffraction of the 20%-0.1LSC/CGO, 30%-0.1LSC/CGO and 40%-0.1LSC/CGO 
composites showed that the materials are dual phase and only fluorite-type and 
rhombohedral perovskite structures, characteristic for CGO and 0.1LSC phases, were 
observed as intended. The intensity of the diffraction peaks corresponding to the LSC 
phase were found to increase with increasing the volume fraction of LSC in the 
composite, whereas the diffraction peaks corresponding to the CGO phase were seen 
to decrease as the volume fraction of CGO decreased. In addition, the CGO peaks of 
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each composite (e.g. 2θ = 29, 57 and 77) are shifted to slightly lower angles compared 
to the peak positions of the pure CGO, whereas, the LSC peaks of each composite are 
appeared to have shifted to slightly higher angles compared to the peaks of pure LSC. 
As the standard silicon calibration test was performed prior to each measurement, this 
shift in angle was unlikely to be due to a change in zero shift value of each diffraction 
pattern.  It is believed therefore, that the shifts in angles were probably indicative of 
the dissolution lanthanum (La3+) and/or strontium (Sr2+) cations into the cerium oxide 
(CeO2) lattice. Similar cases of interdiffusion of cations have been reported in LSCF 
(La0.8Sr0.2Co0.2Fe0.8O3-δ)/CGO (Ce0.8Gd0.2O2-δ) composites [81; 189].  In order to 
confirm this assumption, XRD refinement was used to estimate the equivalent lattice 
parameters of CGO in the composites. It should be noted that in order to eliminate the 
effects of any residual stress induced by differential thermal contraction on cooling 
from the sintering temperature, the sintered pellets were ground into fine 
homogeneous powder before the measurements and only the CGO reflections that did 
not overlap with those of the LSC phase were indexed and taken into account for the 
calculation. The lattice parameters and unit cell volumes of studied samples are show 
in Table 5.15.  
 
Table 5.15.  Lattice parameter of CGO and CGO in the composites.  
 
 
 
 
 
 
 
*  are the data obtained from XRD database. 
 
The fluorite unit cell parameters were 5.448 ±0.002 Å, 5.441 ±0.001 Å and 5.448 
±0.009 Å for the 20%-0.1LSC/CGO composite, the 30%-0.1LSC/CGO and the 40%-
0.1LSC/CGO composite, which are significantly larger than 5.412 ±0.003 Å 
measured for “pure” CGO.  The enlargement of the unit cell of CGO is consistent 
with additional doping by the cations from the LSC. This enlargement was more 
likely to be caused by the interdiffusion of large cations, La3+ and/or Sr2+, into CGO, 
probably by replacing  the small Ce4+ ions (ionic radii (8-fold coordinated) of        
Samples a  (Å) ± SD Volume (Å)3 ± SD 
CGO 5.418 * 
 5.412 ±0.003 
159.04* 
158.54 ±0.086 
20%v.0.1LSC/80%v.CGO 5.448 ±0.002 161.68 ±0.060 
30%v.0.1LSC/70%v.CGO 5.441 ±0.001 161.03 ±0.033 
40%v.0.1LSC/60%v.CGO 5.448 ±0.009 161.41 ±0.278 
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La3+ = 1.16 Å , Sr2+ = 1.26 Å,  Ce4+= 0.97 Å, Gd3+ = 1.05 Å and Co2+ = 0.90 Å [185; 
190]). The replacement of the larger cations, hence, resulted in the increase in the 
lattice parameter of CGO in the composite.  
 
Figure 5.64 shows secondary electron (SE) and backscattered electron (BE) images of 
a polished cross-section of 0.1LSC. The backscattered electron image indicates a 
homogeneous distribution of the elements in the LSC material and no minor phases 
were observed.  
 
 
 
 
 
 
 
 
Figure 5.64. SE  and BE SEM images of a polished cross section of the 0.1LSC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.65. SE  and BE SEM images and EDS map of a polished cross section of the 30%-
0.1LSC/CGO composite. 
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Figure 5.66. SE  and BE SEM images and EDS map of a polished cross section of the 30%-
0.1LSC/CGO composite. 
 
Figure 5.65 and Figure 5.66 show secondary electron and backscattered electron 
images and EDS maps of the 30%-0.1LSC/CGO composites. The EDS spectra 
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acquired at selected areas of 30%-0.1LSC/CGO as marked in the BE images are also 
shown in Figure 5.66. It should be noted that the samples were coated with gold 
before SEM analysis; therefore X-ray peaks corresponding to gold (Au) were also 
observed in the EDS spectra. BE imaging of 30%-0.1LSC/CGO (Figure 5.65 and 
Figure 5.66), showed a bright phase confirmed by EDS to be CGO and a darker phase 
confirmed to be LSC.  However, a small fraction of an additional black phase was 
detected that EDS confirmed to be CoO.  This formation of small quantities of CoO, 
could have resulted from the diffusion of lanthanum and strontium cations from the 
0.1LSC into the fluorite phase and leaving cobalt oxide behind as has been discussed 
earlier. 
 
Figure 5.67 shows that the 0.4LSC specimen sintered at 1350 ºC for 4 h was single 
phase material. As for the 0.1LSC/CGO composites, formation of minor amounts of 
CoO was also observed in the 0.4LSC/CGO composites (Figure 5.68, Figure 5.69 and 
Figure 5.70). These results could be explained in a similar fashion to the 
0.1LSC/CGO composites in that there was interdiffusion of cations between the two 
phases in the composites. In addition, the amount of CoO phase was found to increase 
with the volume fraction of LSC in the composites. As can be seen in Figure 5.70, the 
volume fraction of CoO in the 20%-0.4LSC/CGO composite appeared slightly lower 
than that in the 30%-0.4LSC/CGO composite.  The interdiffusion of cations and the 
formation of CoO as a minor phase observed here might explain the promoting of 
sintering of the LSC/CGO composites. However, a definite explanation cannot be 
made based on this limited evidence. 
 
 
 
 
 
 
 
 
 
 
Figure 5.67.  SE  and BE SEM images of a polished cross section of the 0.4LSC. 
SE BE 
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Figure 5.68.  SE and BE SEM images and EDS mapping of a polished cross section of the 
30%-0.4LSC/CGO composite. 
 
 
 
 
 
 
 
 
 
 
Figure 5.69. BE SEM images and EDS map of a polished cross section of the                     
30%-0.4LSC/CGO composite. The elemental maps are from the area in the rectangle. 
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Figure 5.70. SE and BE SEM images of a polished cross section of the 20%-
0.4LSC/CGO composite. 
 
5.3. Electrical measurement 
 
The comparison between the electrical conductivity of LSCs obtained from this work 
and collected from the literature is shown in Figure 5.71. As can be seen that the 
electrical conductivity of both 0.1LSC and 0.4LSC reported in this study are in good 
agreement with those reported for 0.1LSC and 0.4LSC materials by Petric et al. [131] 
and Petrov et al. [124]. A slightly difference in these data could be a result of the 
different preparation methods and sintering conditions affecting the influence of grain 
boundaries and density to the electrical behavior of these materials (see section 
2.3.2.2). A comparison for CGO data has been discussed previously in section 4.5.2. 
 
The Arrhenius plots of the logarithm of the D.C. electrical conductivity as a function 
of reciprocal temperature of CGO, LSCs and LSC/CGO composites measured in air 
are shown in Figure 5.72 and Figure 5.73. for the 0.1LSC/CGO and 0.4LSC/CGO 
series, respectively. It can be seen clearly that the total conductivity of CGO, which is 
ionic conductivity, is much lower than those of the predominantly electronically-
conducting LSC materials.  The total conductivity, σT of pure 0.4LSC was higher than 
that of 0.1LSC as expected, since increasing the degree of Sr-substitution in the p-
type semiconductor increases the concentration of electron holes by increasing the 
changes of the valence state of cobalt, from trivalent Co3+ to tetravalent Co4+.  
However, 0.1LSC and 0.4LSC materials showed different temperature dependence in 
that the conductivity of 0.4LSC decreased with increasing temperature reflecting its 
SE BE 
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metallic behaviour, whereas the conductivity of 0.1LSC increased with increasing 
temperature (semi-conductor behaviour) before becoming constant at the higher 
temperatures.  The results for 0.1LSC and 0.4LSC in this study are in good agreement 
with the earlier reports of Petric et al. [131] and Petrov et al.  [124]. Petrov et al. have 
reported two different electrical behaviours observed in La1-xSrxCoO3-δ depending 
upon the degree of Sr-substitution. Firstly, for x < 0.3, (0.1LSC), the material acts like 
a normal p-type semiconductor where the conductivity increases with increasing 
temperature. In the case of x ≥ 0.3, (0.4LSC), the conductivity decreased with 
increasing temperature (metallic behaviour).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.71.  Electrical conductivity of 0.1LSC and 0.4LSC in a) a log scale and b) an 
Arrhenius plots [124; 131]. 
2
2.5
3
3.5
0.5 1 1.5 2 2.5 3 3.5
103/T (K-1)
 
lo
g 
σ
T 
(S
.
cm
-
1 )
0.1LSC [Petric]
0.4LSC [Petric]
0.1LSC [Petrov]
0.4LSC [Petrov]
0.1LSC [This work]
0.4LSC [This work]
a) 
4.5
5
5.5
6
6.5
0.5 1 1.5 2 2.5 3 3.5
103/T (K-1)
 
lo
g 
σ
T  
(S
.
cm
-
1 .
K
)
0.1LSC [Petric]
0.4LSC [Petric]
0.1LSC [Petrov]
0.4LSC [Petrov]
0.1LSC [This work]
0.4LSC [This work]
b) 
1000 500 25 ºC 200 
 141 
Both 10%-0.1LSC/CGO and 10%-0.4LSC/CGO composites had similar total 
conductivity to that of CGO indicating that the LSC phases existed as discrete 
particles in the CGO matrixes and were not percolating. Composites with 20 vol.% or 
greater of 0.1LSC or 0.4LSC had high conductivity, suggesting that the electron-
conducting phase, LSC, is connected continuously and is above its percolation 
threshold.  Thus the electronic conductivity dominates the total conductivity and 
follows the temperature behaviour of the pure LSC component but at a reduced 
magnitude.  Above the percolation threshold of the electronically-conducting phase 
the composite becomes a predominantly electronic conductor.  The values of 
activation energy for total conductivity obtained from the slope of the Arrhenius plots 
are presented Table 5.16, together with some literature data (as presented in italics). 
As can be seen, adding LSC to the composites lowered the apparent activation energy 
for electrical conduction since the activation energy for hole hopping even in 
semiconducting 0.1LSC is much lower than for oxygen diffusion in CGO. In addition, 
the activation energies of the composites were found to be similar to LSCs for the 
composites above the percolation threshold (20%-LSC/CGO and 30%-LSC/CGO) 
and close to CGO in the case of the composites below the percolation threshold (10%-
LSC/CGO).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.72. Arrhenius plot of the D.C. conductivity in air of 0.1LSC/CGO composites 
compared with that of CGO. 
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Figure 5.73. Arrhenius plot of the D.C. conductivity in air of 0.4LSC/CGO composites 
compared with that of CGO. 
 
 
Table 5.16.  Value of the activation energy (Ea) obtained from σT  (400-1000 ºC for CGO 
and 10%-LSCs/CGO and 25-1000 ºC for LSCs and 20% and 30%-LSCs/CGO). 
 
Compositions Ea (eV) ±SD for  σT  
CGO 0.95 ±0.04       0.79 Gi and 0.92 Gb[182] 
0.1LSC 0.11 ±0.01       0.08 [131] 
10%-0.1LSC/CGO 0.89 ±0.04 
20%-0.1LSC/CGO 0.11±0.01 
30%-0.1LSC/CGO 0.10 ±0.01 
0.4LSC 0.02 ±0.01       0.02 [131] 
10%-0.4LSC/CGO 0.72 ±0.05 
20%-0.4LSC/CGO 0.08 ±0.01 
30%-0.4LSC/CGO 0.04 ±0.01 
 
Gi
 is obtained from grain interior conductivity and Gb from grain boundary conductivity. 
 
 
Finally, it seems that the interdiffusion of cations between the two phases in the 
composite and the formation of minor amounts of CoO during the sintering does not 
significantly affect the electrical performances of the LSC/CGO composites.  
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Summary 
 
Dense mixed-conducting composites of both 0.1LSC/CGO and 0.4LSC/CGO, 
prepared by powder mixing and sintering at 1150 ºC for 4 hours showed high density 
(above 95%) and negligible background gas leakage. The interdiffusion of lanthanum 
and strontium cations from LSC to CGO phases and the formation of minor amounts 
of CoO were found in the composites during the sintering. However this 
interdiffusion between the two phases seemed not to significantly affect the electrical 
performances of the LSC/CGO composites. The percolation threshold of the 
electronic conducting component was determined to be approximately 20 vol.% for 
both LSC compositions. The activation energy values for total conductivity of the 
LSC/CGO composites above the percolation threshold were close to LSCs and much 
lower than CGO. These results indicated that the LSC/CGO composites are promising 
to be developed for oxygen separation membranes. The study of the thermo-
mechanical properties, oxygen diffusion and surface exchange activities and the 
oxygen permeation of these composites will be described in the following chapters. 
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CHAPTER  6 
 
Diffusion and surface exchange measurements 
 
 
Tracer oxygen diffusion (D*) and tracer oxygen surface exchange (k*) coefficients 
can provide information on the mass transport (oxygen flux) through the mixed 
conducting membrane (when electronic conductivity is much greater than ionic 
conductivity).  Therefore, this chapter presents the study of the oxygen diffusivity and 
surface exchange activity of the Ag/CGO and LSC/CGO composites obtained from 
the isotope exchange depth profile by secondary ion mass spectrometry (SIMS). 
 
6.1. Ag/CGO composites 
 
6.1.1. Oxygen diffusion coefficients measurements 
 
Typical 18O tracer penetration profiles obtained from the 14%-Ag/CGO composites 
exchanged at 600-800 ºC (pO2 = 200 mbar) using the SIMS line scan technique are 
shown in Figure 6.74, together with the fits of the non-linear regression analysis based 
on the semi-infinite solution to the diffusion equation (Eq. 3.55) determined by Crank 
[159].  The penetration depths are typically a hundred microns which is much greater 
than the scale of the 14%-Ag/CGO composite microstructure (a few µm, in  Figure 
4.36) and therefore the composite behaves as a homogeneous effective medium. It can 
be seen that the experimental data are in good agreement with the calculated profiles. 
There are some apparent drops in isotopic concentration (18O isotopic fraction) 
observed near the surface region in some profiles. This drop is an artifact and it is 
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suggested to be due to the limited lateral resolution of the primary ion beam (8-35 µm 
in this study) as the beam crosses the edge of the specimen [191]. Ideally, the very 
first data point (at zero depth) obtained from depth profiles should correspond to the 
true surface isotopic concentration in the analysed materials. Hence, sputter depth 
profiling on the sample surface was investigated as a method to evaluate the true 
surface isotopic ratio by sputtering the ion beam directly on the original exchange 
surface. However, the surface isotopic concentration was found to vary with position 
on the surface and in some cases, the surface isotopic concentration given by steady 
state depth profiling (stable value) fell below the value given by the line scanning 
mode. The localised variation in the surface isotopic fraction is probably due to some 
surface damage during initial polishing even though a sample has been pre-annealed 
with 16O2 to reduce this residual surface damage. For these reasons, in this study, the 
surface isotopic concentration was only obtained from the line scanning technique and 
this might lead to some degree of error of the determination of the k* value.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.74. SIMS 18O tracer depth profiles for the 14%-Ag/CGO composites. 
 
 
Figure 6.75 shows the normalised isotopic fractions of the 14%-Ag/CGO composites 
exchanged at various temperatures on a logarithmic scale. As can be seen, the 
experimental data points have a good fit to the theoretical solutions, especially, where 
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the bulk diffusion is dominant. Some deviations of the experimental data from the 
fitted profiles are found at low 18O concentration (end section of the profiles). These 
“tails” of the diffusion profiles could be the evidence for fast or short-circuit diffusion 
resulting from extended defects such as grain boundaries and dislocations [154; 192] 
or due to the tracer concentration not reaching background level at the centre of 
specimen. This would explain the change in slope in the “tail” of the profile observed 
for 800 ºC. It should be noted that the data points in the extended tail region were 
ignored while calculating D* and k*. Enhanced grain boundary diffusion of 14%-
Ag/CGO composites might be due to the segregation of silver to the grain boundaries 
of CGO; but there is no direct evidence to support this suggestion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.75. SIMS 18O tracer depth profiles for the 14%-Ag/CGO composites on log scale. 
 
Figure 6.76 shows an Arrhenius plot of D* and k* for oxygen diffusion and surface 
exchange for CGO and 14%-Ag/CGO composites together with the plot of oxygen 
diffusion coefficient in silver estimated from the equation given by Kontoulis and 
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Eq. 6.69  Do = 4.98 x 10-3 (cm2.s-1) exp [(0.50±0.13 eV)/kT]   
 
The numerical values for D* and k* of the composite are summarised in Table 6.17. It 
should be noted that the estimated standard deviations for D* and k* presented here 
reflect only the error in fitting parameters and do not include other sources of 
experimental error which might be more significant than those arising from the profile 
fitting parameters. Also included in Table 6.17 is the measured normalised surface 
18O concentration, Co, obtained from the line scanning technique and the values of the 
dimensionless parameter η (discussed later in section 6.2.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.76. Arrhenius plot of D* and k* for CGO and 14%-Ag/CGO composite and the 
plot of Do for silver obtained by electrochemical technique [4, 10, 11]. 
 
As can be seen in Figure 6.76, the diffusivity of oxygen in 14%-Ag/CGO is slightly 
higher than that of CGO but lower than in silver at all temperature ranges. As 
indicated in Figure 6.76, one might argue that pure silver seems to be the best oxygen 
diffuser, since it provides the highest oxygen diffusivity. However, the solubility of 
oxygen in solid silver is rather low [106], additionally, silver also has high volatility at 
high temperature [117] (see section 2.4.1.1). The oxygen flux through a silver 
membrane has been reported by Lee et al.[78]. They found that the value of oxygen 
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flux through a silver membrane was about two orders of magnitude lower than their 
studied composites, Ag/BaBi8O13. The low oxygen permeation flux through the silver 
membrane could be due to a slow oxygen surface reaction on silver. 
 
Table 6.17. Summary of results for D*,  k*, Co and η. 
 
Compositions 
Exchange 
temperature 
(ºC) 
D* ±SD (cm2/s) k* ±SD (cm/s) Co η 
      
600 (3.49 ±0.33) ×10-8 (1.06 ±0.10) ×10-7 0.078 0.044 
700 (7.89 ±0.45) ×10-8 (8.60 ±0.24) ×10-7 0.186 0.196 
14%-Ag/CGO 
800 (1.96 ±0.21) ×10-7 (1.84 ±0.03) ×10-6 0.218 0.216 
 
 
Table 6.18. Value of the activation energy (Ea) obtained from D* and k* for CGO (700-
1000 ºC) and 14%-Ag/CGO (600-800 ºC) and Do for silver and DoNo for silver permeability.  
 
Ea ±SD 
D* k* Compositions 
(kJ/mol) (eV) (kJ/mol) (eV) 
CGO 85 [101] 0.88 [101] 318 [100] 3.3(>700 ºC)[100] 
Ag  48 [108] 0.50 [108] n/a n/a 
Ag permeability 59 [107; 108] 0.62 [107; 108]  n/a n/a 
14%-Ag/CGO 67 ±6 0.69 ±0.06 113 ±23 1.17 ±0.24 
 
(n/a = not available) 
 
The calculated activation energies obtained for oxygen diffusion, ED* for CGO and 
14%-Ag/CGO and EDo for silver and ENoDo for silver permeability and the activation 
energies obtained from k* of these materials are summarised in  
Table 6.18. The standard deviations in the activation energy for D* and k* were 
determined using the LINEST function in Microsoft EXCEL.  The activation energy 
for oxygen diffusion of 14%-Ag/CGO is intermediate between the activation energies 
of silver and CGO. This implies that in the 14%-Ag/CGO composites, oxygen is not 
only transported through the CGO phase but also through the continuous silver phase 
(14 vol%). This result makes a plausible explanation that the high oxygen diffusivity 
contributing from silver phase is responsible for the slightly higher diffusivity of 
14%-Ag/CGO than that of CGO. 
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6.1.2. Surface exchange coefficients measurements 
 
As shown in Figure 6.76, the 14%-Ag/CGO composite has much higher surface 
exchange coefficients than CGO and no published data on oxygen surface reaction on 
silver is available to make a comparison. The enhancement of k* in the 14%-Ag/CGO 
composite is believed to be due to the influence of silver metal on the rate of surface 
exchange of oxygen on the composite as silver is known as a catalyst for oxygen 
reduction [111] and oxygen surface exchange reaction [134]. Silver actively 
participates in the exchange process by facilitating dissociative adsorption of oxygen 
at the interface between the solid and gas [115; 117] and hence promotes the rate of 
dissociation of molecular oxygen from O2 to 2O-(ads) [77]. The charge transfer and 
dissociation of molecular oxygen processes can be given by the following equations as: 
 
Eq. 6.70   ' )(')()(2 22 adadg OeSO ↔++                                                
Eq. 6.71   ' )(2')()(2 adadg OeSO ↔++  and  ' )('' )(2 2 adad OeO ↔+                         
 
The charge transfer and incorporation of oxygen from the gas phase into the oxide 
bulk can be expressed as; 
 
Eq. 6.72   )('' )(2 adxooad SOeVO +→++ ••      
  
The effect of silver in increasing the rate of oxygen dissociation and also providing 
the electron species is very important to accelerate the rate of oxygen surface 
exchange in the 14%-Ag/CGO composite.  CGO is known as a fast oxygen diffuser 
but slow oxygen surface exchanger. Manning et al. [100] suggested that the slow 
surface exchange behaviour of CGO could be due to the difficulty of charge transfer. 
Since this oxide has low mobile electron concentration, only the few surface 
vacancies that have trapped electrons are able to participate in the surface exchange 
process. The further study by Lane [37] also suggested that the rate limiting step for 
oxygen surface exchange on CGO is charge transfer due to the slow supply of 
electron species. It seems that in the 14%-Ag/CGO composite, the silver phase 
supplies electrons for the oxygen adsorption/dissociation process leading to an 
increase in the rate of incorporation of oxygen ions into the CGO phase and resulting 
in the enhancement of oxygen surface exchange of the composite. The mechanism 
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that may occur during the surface exchange reaction of 14%-Ag/CGO composites is 
schematically represented in Figure 6.77. Increases in enhancement of surface 
exchange by silver metal have been reported for YSZ [193] and Sc-YSZ [144] coated 
with silver films. The surface exchange of oxygen was found to be increased by a 
factor of 103 in the case of YSZ coated with silver. The increase of the oxygen 
exchange rate was found to correlate with an increase in the triple phase boundary 
reaction [193] which could be the same case with this study. The activation energy 
obtained for surface exchange (Ek*,  
Table 6.18) of the 14%-Ag/CGO composite is much lower than for CGO indicating 
that the surface exchange reaction of the composite is controlled by the fast oxygen 
exchange rate on the silver phase at triple phase boundaries. 
 
 
 
 
 
 
Figure 6.77. Schematic diagram representing the surface exchange reaction of               
14%-Ag/CGO composite. 
 
6.2. LSC/CGO composites 
 
6.2.1. Oxygen diffusion coefficients measurements 
 
The 18O penetration profiles for the single phase materials, 0.1LSC and 0.4LSC, and 
the percolating composites 30%-0.1LSC/CGO, 20%-0.4LSC/CGO and 30%-
0.4LSC/CGO, as a function of temperature (exchanged at 600-900 ºC) and at pO2 200 
mbar obtained by the SIMS line scanning technique are shown together with the fitted 
profiles in Figure 6.78, Figure 6.80, Figure 6.82, Figure 6.84 and Figure 6.86 .Apart 
from the 0.1LSC, all experimental data are in good agreement with the theoretical 
fits. The composite behaves as a homogeneous effective medium since the 
penetration depths are much greater than the scale of the composite microstructures (a 
few µm as presented in Figure 5.65, Figure 5.68 and Figure 5.70 for 30%-
0.1LSC/CGO, 30%-0.4LSC/CGO and 20%-0.4LSC/CG, respectively).  
O 
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The normalised 18O fraction profiles on a log scale are shown in Figure 6.79, Figure 
6.81, Figure 6.83, Figure 6.85 and Figure 6.87 for 0.1LSC and 0.4LSC, and the 
composites, 30%-0.1LSC/CGO, 20%-0.4LSC/CGO and 30%-0.4LSC/CGO, 
respectively.  Some deviations in the fit and scatter of the data are observed at the 
lower part of the diffusion profiles of all studied materials. These deviations are 
suggested to have a variety of causes such as the errors due to the relative poor 
counting statistics and the subtraction of the natural background concentration in this 
part of the profile [154; 194]. However, these data points were not involved while 
calculating D* and k*.  
 
Table 6.19. Summary of results for D*, k*, Co and η. 
 
Compositions 
Exchange 
temperature 
(ºC) 
D* ±SD (cm2/s) k* ±SD (cm/s) Co η 
    
  
0.1LSC 600 (1.46 ±0.07) ×10-11 (1.38 ±0.33) ×10-8 0.476 0.378 
 700 (7.90 ±0.92) ×10-11 (2.14 ±1.07) ×10-7 0.548 2.026 
 800 (2.43 ±0.30) ×10-10 (7.73 ±1.86) ×10-7 0.695 3.560 
 900 (3.13 ±0.22) ×10-9 (5.62 ±0.79) ×10-7 0.557 0.492 
    
  
600 (1.47 ±0.54) ×10-8 (1.16 ±0.15) ×10-8 0.011 0.010 
700 (3.83 ±0.40) ×10-8 (6.20 ±0.11) ×10-8 0.029 0.027 
800 (9.92 ±0.26) ×10-8 (1.49 ±0.08) ×10-6 0.290 0.340 
30%-0.1LSC 
/CGO 
900 (1.63 ±0.04) ×10-7 (4.80 ±0.03) ×10-6 0.397 0.583 
    
  
0.4LSC 600 (1.36 ±0.24) ×10-9 (2.22 ±0.75) ×10-8 0.086 0.062 
 700 (8.45 ±0.18) ×10-9 (5.32 ±0.59) ×10-7 0.367 0.487 
 800 (3.67 ±0.02) ×10-8 (1.38 ±0.20) ×10-6 0.423 0.523 
 900 (2.86 ±0.06) ×10-7 (3.70 ±0.11) ×10-6 0.275 0.319 
    
  
600 (3.12 ±0.02) ×10-8 (7.22 ±0.23) ×10-8 0.047 0.042 
700 (6.14 ±1.28) ×10-8 (3.69 ±1.63) ×10-7 0.144 0.125 
800 (1.02 ±0.29) ×10-7 (9.12 ±1.23) ×10-7 0.191 0.207 
20%-0.4LSC 
/CGO 
900 (3.82 ±0.05) ×10-7 (3.22 ±0.01) ×10-6 0.222 0.239 
     
 
600 (2.74 ±0.18) ×10-8 (2.84 ±2.23) ×10-7 0.207 0.154 
700 (7.07 ±1.08) ×10-8 (1.33 ±0.39) ×10-7 0.049 0.042 
800 (1.18 ±0.15) ×10-7 (6.26 ±2.24) ×10-7 0.170 0.132 
30%-0.4LSC 
/CGO 
900 (4.16 ±0.11) ×10-7 (3.67 ±0.23) ×10-6 0.228 0.261 
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Figure 6.78. SIMS 18O tracer depth profiles for the 0.1LSC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.79. SIMS 18O tracer depth profiles for the 0.1LSC on log scale. 
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Figure 6.80. SIMS 18O tracer depth profiles for the 0.4LSC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.81. SIMS 18O tracer depth profiles for the 0.4LSC on log scale. 
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Figure 6.82. SIMS 18O tracer depth profiles for the 30%-0.1LSC/CGO composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.83. SIMS 18O tracer depth profiles for the 30%-0.1LSC/CGO composites on log 
scale. 
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Figure 6.84. SIMS 18O tracer depth profiles for the 20%-0.4LSC/CGO composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.85. SIMS 18O tracer depth profiles for the 20%-0.4LSC/CGO composites on log 
scale. 
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Figure 6.86.  SIMS 18O tracer depth profiles for the 30%-0.4LSC/CGO composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.87. SIMS 18O tracer depth profiles for the 30%-0.4LSC/CGO composites on 
log scale. 
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The numerical values for D*, k*, Co and η (obtained from line scanning technique) of 
0.1LSC, 0.4LSC and the composites are summarised in Table 6.19. The surface 
isotopic concentration in all studied materials seems to be temperature dependent, 
however, some scatter of the data were observed and these could be due to the 
localised variation in the surface isotopic fraction as has been discussed previously.  
 
 
Also included in Table 6.19 is the dimensionless parameter η calculated using Eq. 6.5 
[194]:  
 
Eq.6.73   η = k* (t/D*)0.5                                                     
 
When the diffusion occurs into a semi-infinite medium, as was the case of this study, 
Co and η are related by [194]: 
 
Eq. 6.74   ( ) ( )ηη erfcCo 2exp1−=                                       
 
 
The η parameters are related to the level of confidence in the measured value of D* 
and k* [194]. If Co is close to 1 and η > 10, this indicates that the surface exchange is 
fast compared to diffusion and the confidence in D* is high, but the confidence in k* 
is low. On the contrary, if Co << 1 and η < 0.1, then the confidence in D* decreases due 
to poor counting statistics as the surface exchange dominates. Figure 6.88 shows the 
experimental values of Co of all studied materials plotted as a function of η, together 
with the theoretical values (solid line) obtained from substituting η in (Eq. 6.74). This 
validation plot of D* and k* clearly demonstrates that most of the obtained profiles 
are consistent with this aspect of theory. However, significant deviations were found 
in the diffusion profiles of 0.1LSC, as presented in the inset. This is consistent with 
the high degree of deviation of the diffusion profiles from the theoretical solution in 
0.1LSC samples. This deviation probably was caused by the short penetration profiles 
obtained from these samples. The diffusion lengths of the 0.1LSC samples exchanged 
at 600 ºC-800 ºC are less than 80 µm (Figure 6.77). As has been discussed in section 
3.8.5.4, in order to have 10% accuracy, the ratio of the primary beam diameter to the 
diffusion length must be 0.1.  As the beam diameter used in this study (for 0.1LSC 
samples) was 8 µm, this means the diffusion length must be at least 80 µm in order to 
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have a high level of confidence in the data. In addition, the error in the determination 
of k* in 0.1LSC samples could also come from the high surface oxygen 
concentrations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.88. The normalized surface isotopic fraction, Co, of all studied materials as a 
function of η. The solid line is the theoretical relationship for diffusion into a semi-infinite 
medium. 
 
As can be seen in Table 6.19, the Co values of 0.1LSC at all exchanged temperatures 
(600 ºC-900 ºC) approach that of the 18O isotopic concentration in the gas phase. This 
indicates that the isotopic exchange on the 0.1LSC surface is relatively fast compared 
to the bulk diffusion and the surfaces almost achieved isotopic equilibrium with the 
surrounding gas. The short diffusion profiles and the high surface concentration of 
these samples thus caused inaccurate determination of both D* and k* especially at 
600 ºC and 700 ºC . Nevertheless, the D* and k* values of polycrystalline 0.1LSC at 
800 ºC and 900 ºC reported in this study are in good agreement with those reported 
for single crystal 0.1LSC by Ishigaki et al. [39] and polycrystalline material by 
Routbort et al. [137] (see Figure 2.8). The inaccurate determination of D* for 0.1LSC 
at 600 ºC and 700 ºC could be responsible for a lower  ED* (1.50 eV) observed in this 
present work than those of literature values (2.81 eV [39] and 2.41 eV [135]). The D* 
and k* values of 0.4LSC reported in this study, are slightly lower than those reported 
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by Berenov et al. [44]. This could be due to experimental error or the different 
sintering conditions used to make the specimens. The literature data on D* and k* of 
0.1LSC and 0.4LSC materials are provided in section 2.3.2.2. The Arrhenius plot of 
D* and the activation energies (ED*) of the CGO, 0.1LSC, 0.4LSC, 30%-
0.1LSC/CGO, 20%-0.4LSC/CGO and 30%-0.4LSC/CGO composites are shown in 
Figure 6.89 and Table 6.20. Also included in Table 6.20 are the ED* data obtained 
from the literature (presented in the italics). D* for oxygen diffusion of all studied 
materials was thermally activated process in which D* increased with increasing 
exchange temperature from 600 to 900 ºC. This is consistent with the fact that oxygen 
vacancies are the mobile point defects and they are responsible for oxygen transport 
in the oxide materials. Of the single phase materials, CGO has the highest oxygen 
diffusivity and the lowest activation energy [100; 101]. Conversely 0.1LSC has the 
lowest oxygen diffusivity and a higher activation energy.  Oxygen diffusivity in 
0.4LSC is intermediate, but has a similar activation energy to 0.1LSC.  This reflects 
the fact that increasing Sr content in LSC not only increases the concentration of 
electron holes, but also the concentration of oxygen vacancies .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.89.  Arrhenius plot of D* for oxygen diffusion in CGO, 0.1LSC, 0.4LSC and the 
composites [101]. 
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The oxygen diffusivities of 20%-0.4LSC/CGO and 30%-0.4LSC/CGO composites are 
similar to that of the CGO electrolyte.  This shows that the addition of the percolating 
electronic-conducting 0.4LSC phase has had negligible impact on the overall ionic 
conduction because of its relatively high oxygen diffusivity.  However in the 30%-
0.1LSC/CGO composite the oxygen diffusivity is slightly lower than in CGO (by 
approximately a factor of 2) due to the lower oxygen diffusivity in 0.1LSC. However, 
in all cases the activation energy for oxygen diffusion of the composites (ED*, Table 
6.20) is similar to that of CGO indicating that oxygen transport is generally through 
the continuous CGO phase. 
 
Table 6.20. Value of the activation energy (Ea) obtained from D* and k* for CGO           
(700-1000 ºC), LSCs (600-900 ºC) and the composites (600-900 ºC). 
 
6.2.2. Surface exchange coefficients measurements 
 
Figure 6.90. shows the Arrhenius plot of the surface exchange coefficients of the 
composites, 30%-0.1LSC/CGO, 20%-0.4LSC/CGO and 30%-0.4LSC/CGO, and the 
single phase constituents, CGO, 0.1LSC and 0.4LSC. CGO has the lowest surface 
exchange coefficient at all temperatures. The slow exchange behaviour in CGO is 
suggested to be due to the limit of availability of electrons for the charge transfer 
process in this oxide as has been discussed previously in section 6.1.2. Both LSCs 
have much higher (approximately 50 times greater) surface exchange coefficients than 
CGO, with that of 0.4LSC being slightly higher than that of 0.1LSC.  The exchange 
coefficients for the composites are close to those of the single phase LSC materials 
and no clear trends are evident considering the scatter of the experimental results.  
Ea  ±SD 
D* k* Compositions 
(kJ/mol) (eV) (kJ/mol) (eV) 
CGO 85 [101] 0.88 [101] 318 [100]  3.3(>700 ºC) [100] 
     
0.1LSC 145 ±24 1.50 ±0.24 
(2.41 [137]) 
158 ±23 1.64 ±0.24 
30%-0.1LSC/CGO 70 ±4 0.72 ±0.04 181 ±22 1.87 ±0.23 
     
0.4LSC 153 ±12 1.58 ±0.13 
(1.41 [44]) 
137 ±21 1.42 ±0.22 
20%-0.4LSC/CGO 66 ±14 0.68 ±0.14 103 ±11 1.07 ±0.12 
30%-0.4LSC/CGO 73 ±11 0.76 ±0.11 157 ±15 1.62 ±0.15 
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Thus the composites preserve the rapid surface exchange of the LSC phase despite 
having a volume fraction as low as 20%.  The improvement of surface exchange of 
the LSC/CGO composites over the single phase CGO suggests that there is a 
synergistic effect at the interface between the LSC and CGO phases with the mixed-
conducting 0.1LSC or 0.4LSC supplying the electronic species for the charge transfer 
reaction and the CGO supplying the mobile oxygen vacancies [6]. As both oxygen 
vacancies and the electrons are necessary for the surface exchange process, it is 
believed that the extended effective three phase boundaries are responsible for the 
enhanced effective exchange coefficient in the LSC/CGO composites. The increase in 
the surface exchange activity by adding the electronic conductor to the ionic 
conducting phase was found in YSZ/LSM composites reported by Ji et al.[154]. They 
found that the effective surface exchange coefficients of the composite were enhanced 
over the constituent materials and they suggested that this could be due to the 
availability of electrons for charge transfer process provided by the LSM phase. The 
activation energies of the LSC/CGO composites obtained for surface exchange (Ek*, 
Table 6.20) are much lower than for CGO, but similar to those of the LSC materials. 
This indicates that the surface exchange activity of the composites is due to the fast 
oxygen exchange rate on the LSC phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.90. Arrhenius plot of k* for oxygen surface exchange on CGO, 0.1LSC, 0.4LSC 
and the composites [100]. 
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Summary 
Isotopic exchange and depth profiling by secondary ion mass spectrometry was used 
to investigated the oxygen tracer diffusion (D*) and surface exchange coefficient (k*) 
of the Ag/CGO and LSC/CGO composites.  Both composites showed high oxygen 
diffusivities and surface exchange properties. 14%-Ag/CGO composites showed 
slightly higher D* and much higher k* than CGO at all temperature ranges. The 
contribution from high oxygen diffusivity of the silver phase (14 vol.%) might be 
responsible for the slightly higher oxygen diffusivity of the composite. The activation 
energy for oxygen diffusion of 14%-Ag/CGO is intermediate between the activation 
energy of silver permeation (0.62 eV) and CGO diffusion indicating that oxygen 
probably transports through both CGO and silver phases.  The large improvement in 
surface exchange property of the composite could be because of the availability of 
electrically conducting species for the oxygen adsorption/dissociation process 
provided by the silver phase leading to an increase in the rate of oxygen ion 
incorporation into the CGO phase. The activation energy obtained for surface 
exchange of the 14%-Ag/CGO composite is much lower than for CGO. This also 
indicates that the fast oxygen exchange rate on the silver phase at triple phase 
boundaries is responsible for the overall oxygen exchange reaction of the composite.  
 
In LSC/CGO, composites exceeding the electronic percolation threshold, 30%-
0.1LSC/CGO, 20%-0.4LSC/CGO and 30%-0.4LSC/CGO have oxygen diffusivity 
close to that of the ionic-conducting phase (CGO). The oxygen diffusivity in the 30%-
0.1LSC/CGO composite is slightly lower than in CGO and the oxygen diffusivities of 
20%-0.4LSC/CGO and 30%-0.4LSC/CGO composites are similar to that of the CGO 
electrolyte due to the low oxygen diffusivity in 0.1LSC and the relatively high oxygen 
diffusivity in 0.4LSC.  The activation energy for oxygen diffusion in all cases is 
similar to that of CGO indicating that oxygen transport is dominated by the 
continuous CGO phase. The surface exchange coefficients of the composites are equal 
to those of the mixed conducting, LSC (predominantly electronic) phase.  Since lattice 
oxygen vacancies and electrons are both involved in the exchange of oxygen at the 
surface of these oxides, this result suggests that there is a synergistic effect on surface 
exchange at the interface between the two phases with the mixed-conducting 0.1LSC 
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or 0.4LSC supplying the electronic species for the charge transfer reaction and the 
CGO supplying the mobile oxygen vacancies. The activation energies of the 
LSC/CGO composites obtained for surface exchange are much lower than for CGO, 
but similar to those of the LSC materials reflecting that the surface exchange activity 
of the composites is due to the fast oxygen exchange rate on the LSC phase. 
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CHAPTER  7 
 
Thermal expansion and mechanical properties  
of the composites 
 
 
The thermal expansion and mechanical properties of materials are important data for 
material selection and component design. In this chapter, the thermal expansion, the 
hardness and the fracture toughness of the Ag/CGO and LSC/CGO composites are 
reported. 
 
7.1. Thermal expansion 
 
Table 7.21 shows the thermal expansion coefficients (TECs) of all studied samples 
measured by dilatometry from 25 °C to 1000 ºC (to 800 ºC for Ag/CGO composite) 
together with some literature data (as presented in italics).  
 
Table 7.21.  Values of the thermal expansion coefficients (literature values in italics). 
Compositions Temperature range, ºC TEC 10−6 K−1 
CGO 25-1000 12.54 ±0.10 11.90 [195] 
   
Ag 25-800 19 [119] 
14%-Ag/CGO 25-800 12.80 ±0.10  
   
0.1LSC 25-1000 21.25 ±0.10 20.01 [196] 
30%-0.1LSC/CGO 25-1000 15.01±0.10 
   
0.4LSC 25-1000 20.33 ±0.10 20.50 [131] 
20%-0.4LSC/CGO 25-1000 13.75 ±0.10 
30%-0.4LSC/CGO 25-1000 14.61 ±0.10 
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The TECs of single phase materials, CGO, 0.1LSC and 0.4LSC obtained from this 
study are in good agreement with the literature data. The rule of mixtures was applied 
in order to estimate the thermal expansion coefficients of the composites. This rule 
weights the properties of the individual phases by their volume fractions. The TECs of 
the composites were therefore estimated using the following equation based on the 
rule of mixtures as:  
 
Eq. 3.75  αcomposite = α CGOVCGO + α (Ag or LSC) V(Ag or LSC)   
 
Where α is the thermal expansion coefficient and V is the volume fractions of each 
phase. The comparison between the TEC values obtained from the experiment and the 
estimation is presented in Table 7.22. 
 
Table 7.22. The comparison between TEC data obtained from experiment and estimation 
from the rule of mixtures. 
 
 
 
 
 
 
 
 
 
 
7.1.1. Ag/CGO composites 
 
As can be seen in the Table 7.21,14%-Ag/CGO composite prepared by Ag-CuO 
infiltration had thermal expansion coefficient, (12.80 ±0.10) × 10−6 K−1, less than the 
estimated value from the rule of mixtures but similar to that of fully dense CGO, 
(12.54 ±0.10) ×10−6 K−1. The reason that 14%-Ag/CGO composite possess the same 
TEC as CGO could be because silver has a much lower elastic modulus than CGO 
and a low yield stress (Table 3.6), especially at elevated temperature. Therefore, even 
though silver has a much higher TEC (19 × 10−6 K−1) [119; 197] than CGO, it is 
unable to exert any appreciable stress on the CGO and has no effect on overall 
thermal expansion coefficient of the composite. 
TEC 10−6 K−1 Compositions 
Experimental data Estimated from         
the rule of mixtures 
14%-Ag/CGO 12.80 ±0.10 13.44 
   
30%-0.1LSC/CGO 15.01 ±0.10 15.15 
  
20%-0.4LSC/CGO 13.75 ±0.10 14.10 
30%-0.4LSC/CGO 14.61 ±0.10 14.88 
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7.1.2. LSC/CGO composites 
 
TECs of the LSCs/CGO composites measured from 25 °C to 1000 °C are given in 
Table 7.21. The TECs of the composites are closer to that of CGO and much lower 
than those of the LSCs, 21.25 × 10−6 K−1 for 0.1LSC and 20.33 × 10−6 K−1 for 
0.4LSC. This is due to the relative low volume fraction of LSCs in the composites. In 
addition, increasing in the LSC phase in the composite resulted in the increasing of 
TEC as can be seen that TEC of 30%-0.4LSC/CGO is slightly higher than that of 
20%-0.4LSC/CGO. The values of TECs of the composites obtained from the 
experiment are in good agreement with those estimated from the rule of mixtures (Eq. 
3.75). The relationship between the volume percent and the TECs of the 0.4LSC/CGO 
composites together with the rule of mixtures trend line is shown in Figure 7.91. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.91. The relationship between the volume percent and the TECs of the 
0.4LSC/CGO composites. 
 
Both Ag/CGO and LSC/CGO composites show intermediate thermal expansion (12.8-
15.1 × 10−6 K−1) which is of benefit for the use of these materials in oxygen separation 
applications since it could reduce the thermal stress when the membranes are held in 
steel structures. Apart from the temperature gradient, the thermal stress is induced by 
the mismatch of the thermal expansion of the involved materials including sealants 
and other components. Therefore; it is important for membrane materials to be 
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thermo-mechanically compatible with sealants and other components to avoid 
residual stresses that can lead to premature seal failure or component fracture. Table 
7.23 shows the TECs of some useful sealants and metal and ceramic materials which 
are commonly used in oxygen separation technology. As can be seen, TECs of both 
Ag/CGO and LSC/CGO composites are in the same range with those of gold, glass 
and glass-ceramic sealants and stainless steels. 
 
Table 7.23. TECs for some sealants and ceramic materials [198]. 
 
Materials Possible 
used 
Temperature 
range, ºC 
TEC 10−6 K−1 
Soda glass sealant 25-800 9 
Li2O-ZnO-Al2O3-SiO2  
(glass-ceramic) 
sealant 25-900 5.5-12, depending on 
ZnO content 
Cao-SrO-ZnO-SiO2-B2O3 
(glass/glass-ceramic) 
sealant 25-900 10-12, depending on 
composition 
 
Gold sealant 25-1000 14.2 
 
Ferritic stainless steel (430) component 25-1000 13 
Austenitic stainless steel (310) component 25-1000 14.4 
Alumina component 25-1000 8.8 
Zirconia component 25-1000 10 
 
 
7.2. Hardness and fracture toughness 
 
The mechanical properties, hardness (Hv) and fracture toughness (KIC) at room 
temperature, of the composites were studied using the Vickers indentation technique 
[199]. 
 
7.2.1. Ag/CGO composites  
 
Figure 7.92 shows the crack system formed after a Vickers indentation test (using       
9.8 N load and held for 15 s) in CGO and 14%-Ag/CGO composite. It should be 
noted that some closed pores were observed in the specimens and these might 
suppress the crack growth or act as a fracture defect leading to an 
under/overestimation of KIC values. The cross sections of the fracture faces showed 
that the indentation cracks of CGO and 14%-Ag/CGO were Palmqvist type, as 
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presented in Figure 7.93. Therefore, both Eq. 3.62 and Eq.3.63 are valid for the 
determination of the KIC of these materials. 
 
   
 
 
 
 
 
 
Figure 7.92.  Optical micrographs of crack system in CGO and 14%-Ag/CGO composite. 
 
 
 
 
 
 
 
 
 
Figure 7.93. Optical micrographs of CGO and 14%-Ag/CGO showing the Palmqvist-type 
cracks induced after Vickers indentation using a P= 9.8 N load. 
 
The hardness and the KIC values calculated using Eq. 3.62 and Eq.3.63 and the 
average KIC values from these two equations together with the standard deviations are 
shown in Table 7.24. It should be noted that the standard deviations for KIC reflect 
only the extent of the scatter of the measurements where the error predominantly 
came from an under/overestimation of the crack length due to the difficulty to locate 
the crack tip. The KIC values obtained from both equations are in very good agreement 
indicating that both equations can be used to evaluate the fracture toughness of all the 
materials.  The final KIC values are then the average values from these two equations.  
 
The hardness and the fracture toughness of CGO, 7.36 ±0.09 GPa and 1.80 ±0.14 
MPa.m1/2, were in the same range as those that have been reported earlier,             
CGO Ag/CGO 
Ag/ CGO CGO 
100 µm 100 µm 
 169 
8.25-9.75 GPa and 1.39-1.52 MPa.m1/2 for Ce0.8Gd0.2O2-δ, by Zhang et al. [98] and 
2.45-8.82 GPa and 1.68-1.99 MPa.m1/2 for Ce0.9Gd0.1O2-δ, by Mangalaraja et al. [99]. 
A large scatter of data reported in the work of Zhang et al. was due to the variation of 
the grain sizes, while in the case of Mangalaraja et al. it resulted from the difference 
in preparation methods. It is important to note that the values of KIC obtained from 
these works were not determined using the same equations as this study.  
 
Table 7.24.  Values of hardness and the fracture toughness. 
 
The hardness and the fracture toughness of 14%-Ag/CGO are similar to CGO  (Table 
7.24). These results were not expected since typically in metal/oxide composite; the 
metallic phase toughens the ceramic matrix by energy absorption of ductile metal 
ligaments during fracture resulting in an increase of fracture toughness over that of 
the oxide phase alone [146; 200; 201].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.94.  SEM micrographs of the fracture surface of CGO and Ag/CGO composite. 
KIC (MPa.m1/2) ±SD Compositions Hardness GPa ±SD Eq. 3.62 Eq.3.63 average 
 
CGO 
 
7.36 ±0.09 
 
1.85 ±0.14 
 
1.74 ±0.11 1.80 ±0.14 
    
 
14%-Ag/CGO 7.30 ±0.18 1.84 ±0.08 1.74 ±0.14 1.79 ±0.12 
    
 
0.1LSC 5.99 ±0.20 1.68 ±0.09 1.64 ±0.09 1.66 ±0.08 
0.4LSC 5.97 ±0.48 1.66 ±0.16 1.63 ±0.13 1.65 ±0.14 
30%-0.1LSC/CGO 8.60 ±0.09 2.00 ±0.15 1.91 ±0.12 1.96 ±0.14 
20%-0.4LSC/CGO 8.16 ±0.13 1.87 ±0.15 1.75 ±0.20 1.81 ±0.18 
30%-0.4LSC/CGO 8.50 ±0.29 2.13 ±0.13 2.08 ±0.13 2.10 ±0.13 
CGO Ag/CGO 
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The fracture surfaces of CGO and 14%-Ag/CGO examined by SEM are shown in 
Figure 7.94. Both inter-granular and trans-granular fractures were observed in CGO 
while trans-granular fracture was predominant in 14%-Ag/CGO. The microstructure 
of 14%-Ag/CGO revealed no evidence of ductile ligaments in the composite. This is 
in good agreement with the KIC data confirming that the silver phase has no 
significant effect on the fracture toughness of the composite. This could be due to the 
low volume fraction of silver phase (14 vol.%) in the composite. 
 
7.2.2.  LSC/CGO composites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.95.  Optical photographs of indentation cracks system in CGO, LSCs and the 
composites.  
0.1LSC 0.4LSC 
CGO 
30%-0.4LSC/CGO 
20%-0.4LSC/CGO 
30%-0.1LSC/CGO 
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Crack systems after Vickers indentation (using 9.8 N load and held for 15 s) in LSCs 
and LSCs/CGO composites are shown in Figure 7.95. Some closed pores were again 
observed in the all studied materials. The fracture surfaces of 0.1LSC and 30%-
0.1LSC/CGO show both inter-granular and trans-granular fracture mode, as presented 
in Figure 7.96.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.96.   SEM micrographs of the fracture surface of 0.1LSC and 30%-0.1CGO composite. 
 
The hardness and the KIC values of CGO, LSCs and LSCs/CGO are shown in Table 
7.24. Of the single component materials, CGO has the highest hardness and KIC 
compared with both 0.1LSC and 0.4LSC. 0.1LSC and 0.4LSC have similar hardness 
and KIC. The KIC of 0.1LSC (1.66 ±0.08 MPa.m1/2) and 0.4LSC (1.65 ±0.14 MPa.m1/2) 
are close to that reported earlier for La0.5Sr0.5CoO3-δ, 1.47 ±0.44 MPa.m1/2 [173]. The 
LSC/CCO composites have higher hardness and slightly higher KIC than their 
constituent materials, CGO and LSC (except for the KIC of 20%-0.4LSC/CGO which 
is similar to CGO). Increasing in the LSC phase in the composite resulted in 
increasing both hardness and KIC. The reason for the enhancement of the hardness and 
the fracture toughness of the composites over those of the constituent materials is not 
clearly understood, but it is likely to be because the second phase, LSC, dispersed in 
the CGO matrix could stop the crack growth, perhaps due to residual internal stress 
induced by the difference in thermal expansion coefficients. 
 
Summary 
 
Thermal expansion of the composites was studied using the dilatometry technique. In 
14%-Ag/CGO composite, the silver phase in the composite has no effect on the 
0.1LSC 30%0.1LSC/CGO 
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overall TEC since the silver has low elastic modulus and yield strength. Thus the TEC 
of the 14%-Ag/CGO is similar to that of CGO at ~12 × 10−6 K−1. Conversely, TECs 
of LSC/CGO composites increase with increasing content of the high thermal 
expansion phase, LSC, indicating that the TECs of the LSC/CGO composites simply 
follow the rule of mixtures. Both Ag/CGO and LSC/CGO composites possess 
intermediate TECs (12.80-15.01 × 10−6 K−1) offering a better thermo-mechanical 
property matching to other materials than single phase mixed conductors.   
 
The room temperature hardness and toughness of the composites were studied using 
Vickers indentation. The hardness and KIC of the Ag/CGO composite, 7.30 GPa and 
1.82 MPa.m1/2, are similar to CGO while the hardness and KIC of LSC/CGO 
composites, 8.16-8.50 GPa and 1.81-2.10 MPa.m1/2, are higher than those of CGO and 
LSC reflecting an improvement of mechanical properties of the LSC/CGO 
composites. 
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CHAPTER  8 
 
Oxygen permeation measurement   
 
 
Oxygen permeation measurements were performed on disc-shaped composite 
membranes of 14%-Ag/CGO and 30%-0.1LSC/CGO (~ 15 mm diameter and 1.1 mm 
thick) by exposing one face to atmospheric air ( '
2OP = 0.21 atm) and the other to a flow 
of helium sweep gas at a rate of 0.1-35 cm3/min at 800 ºC. It is important to note that 
the membrane thicknesses of 1.1 mm is close to the characteristic limiting membrane 
thicknesses, Lc, so that the rate of oxygen permeability through the composites is 
controlled by both solid state diffusion and surface oxygen exchange reaction. Lc is 
defined as Lc = D*/k* (Eq. 2.23) and it is a critical thickness at which the membrane 
transfers from predominant control by diffusion (larger than Lc ) to that by surface 
exchange (smaller than Lc). The Lc values of the composites at 800 ºC are given in 
Table 8.25.  
  
Table 8.25. The characteristic limiting thickness of the composites at 800 ºC 
 
 
 
 
 
 
 
Typical chromatograms obtained from the calibrating air and permeate streams of the 
14%-Ag/CGO and 30%-0.1LSC/CGO membranes are shown in Figure 8.97, Figure 
Compositions Lc (mm) 
14%-Ag/CGO 1.06 
30%-0.1LSC/CGO 0.67 
20%-0.4LSC/CGO 1.12 
30%-0.4LSC/CGO 1.88 
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8.98 and Figure 8.99, respectively. The peak observed at retention time ∼0.24 min is 
an artifact induced from the previous injection. Peaks corresponding to nitrogen gas 
were detected in chromatograms obtained from the permeate streams of both 14%-
Ag/CGO and 30%-0.1LSC/CGO membranes. This indicated that there was a leak 
through the sealing area. As the disc membrane was sealed on the top end of an 
alumina tube without any assistance of applied pressure or mechanical load (the 
experimental setup can be seen in Figure 3.22), the sealing system could not 
withstand the upward pressure from the flow of helium sweep gas resulting in the 
partial failure of the sealant and eventually complete breaking down in the case of a 
very high helium flow rate. 
 
The effect of the leakage characterized by 1 – ( permOC 2 / 2OC ) was found to be more 
substantial for the slower sweep gas flow rate used i.e. 7-60% for ≤ 10 cm2/min and    
< 5% for ≥ 20 cm2/min. However, due to the limitations of the detection limit (the 
minimum detectable amount of concentration of oxygen was 1.84 × 10-10 mol/cm3   
(∼4 ppm)) and the experimental setup, a very high flow rate over 35 cm2/min could 
not be used in this experiment. Therefore, it is important to recognise that oxygen 
permeation results reported here are obtained from preliminary work and 
interpretation of these data must be taken with a note of caution because there is 
uncertainty and large error due to the leaking problem.  
 
 
 
 
 
 
 
 
 
 
Figure 8.97. Chromatogram obtained from atmospheric air at room temperature, air flow 
rate 50 ml/min. 
 
 
 
O2, area under peak = 991114 
 
N2, area under peak = 3768659 
 
Attenuation = 8 
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Figure 8.98. Chromatogram obtained from 14%-Ag/CGO composite membrane at 800 °C, 
He flow rate 20 ml/min. 
 
 
 
 
 
 
 
 
Figure 8.99. Chromatogram obtained from 30%-0.1LSC/CGO composite membrane at     
800 °C, He flow rate 20 ml/min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.100. Oxygen permeation fluxes through the 14%-Ag/CGO and 30%-0.1LSC/CGO 
composite membranes (thickness of 1.1 mm and '
2OP = 0.21 atm) obtained at 800 ºC as a 
function of helium gas flow rate. 
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Figure 8.100 shows the oxygen permeation fluxes (jO2) of the 14%-Ag/CGO and 
30%-0.1LSC/CGO composite membranes obtained at 800 ºC as a function of helium 
sweep gas flow rate. The oxygen flux obtained from the 14%-Ag/CGO membrane 
slightly increased with increasing flow rate and then decreased at the higher flow rate 
used. For the 30%-LSC/CGO composite, the oxygen flux increased with an increase 
in the flow rate due to lowering of the oxygen partial pressure on the permeate side of 
the membrane. As can be seen in Figure 8.100, the oxygen permeation fluxes obtained 
from both composites at 800 ºC were of the order of 10-9 mol.cm-2s-1. Considering that 
D* and k* of both Ag/CGO and LSC/CGO composites are high (as has been 
discussed in Chapter 6), these fluxes are much lower than expected. D* and k* of the 
composites are compared with those of well known single phase mixed conducting 
materials for oxygen separation membranes i.e. 0.4LSC (La0.6Sr0.4CoO3–δ) and BSCF 
(Ba0.5Sr0.5Co0.8Fe0.2O3−δ) in Figure 8.101 and Figure 8.102. These indicate that by 
considering only D* and k* factors, Ag/CGO and LSC/CGO composites have 
potential to be developed as oxygen separation membranes. It should be noted that D* 
and k* of BSCF were evaluated by extrapolating the trend lines from the low 
temperature data reported by Berenov et al. [202].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.101. Arrhenius plot of D* for 14%-Ag/CGO, 30%-0.1LSC/CGO, 0.4LSC and 
BSCF materials [202]. 
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Figure 8.102. Arrhenius plot of k* for 14%-Ag/CGO, 30%-0.1LSC/CGO, 0.4LSC and 
BSCF materials [202]. 
 
  
The experimental permeation data together with the oxygen fluxes estimated from D* 
and k* using Eq. 2.12 (for membrane under the solid state bulk diffusion control) and 
Eq. 2.29 (for the mixed control of both bulk diffusion and surface exchange reaction) 
at 800 ºC are given in Table 8.26. It should be noted that no surface modification has 
been done on any of these samples, in addition, the calculation and the measured 
oxygen fluxes of 0.4LSC and BSCF are not directly comparable to the calculated ones 
because they are not normalised by oxygen partial pressure drop or membrane 
thickness. However, Steele [34] has suggested that the comparison between calculated 
and measured fluxes often indicates that Eq. 2.12 and Eq. 2.29 might be used only for 
preliminary evaluation of oxygen fluxes and the more complicated models for 
evaluating oxygen fluxes are required in order to reproduce the experimental data. 
 
For the composites, the measured fluxes of both 14%-Ag/CGO and 30%-LSC/CGO 
were much lower than the estimations. This implies that a higher magnitude of 
oxygen flux is possible to be achieved from the Ag/CGO and LSC/CGO composites. 
The low oxygen flux obtained from this work could have several causes.  However, 
the most likely are related to problems in high temperature sealing. Apart from 
leakage that might be caused by the mismatch between thermal expansion coefficients 
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of the components (i.e. specimen, alumina tube and glass sealant), leaks though the 
sealing areas are also likely because the sealing system could not withstand the 
upward pressure created from the flow of helium sweep gas. The leak occurring due 
to a weak bonding might be resolved by applying a mechanical load on top of the 
specimen. This could be achieved by either sealing the specimen between two 
supporting alumina tubes [71] or putting an alumina ring or cap on top of the 
specimen [79; 203].  Another improvement in the experimental setup would be to use 
a high flow rate of air on the feed side (20-200 cm2/min [74; 78; 204]), in order to 
facilitate the mass transfer of gaseous oxygen from the gas stream to the membrane 
surface and a flow of air prevent oxygen depletion on the high pressure side of the 
membrane surface. 
 
Table 8.26. Oxygen fluxes, jO2, of the composites, 0.4LSC and BSCF at 800 ºC obtained 
from the experiment (20-30 cm-2.min-1 helium flow rate and '
2OP = 0.21 atm) and the 
calculation based on D*  and k* using Eq. 2.12 and Eq. 2.29  (thickness = 1.1 mm, '
2OP = 0.21 
atm and  ''
2OP = 0.001 atm).    It should be noted that at 800 ºC, the Lc of 0.4 LSC is 
approximately 0.27 mm and ∼ 0.70 mm for BSCF [202]. The measured fluxes of 0.4LSC and 
BSCF were obtained from 1.5 mm and 1-1.5 mm thick membranes, respectively.  
 
jO2 mol.cm-2s-1 at 800 ºC 
Estimated values  Compositions Experimental values 
Diffusion flux 
Eq. 2.12 
 
Total flux 
Eq. 2.29 
 
14%-Ag/CGO 
 
4.15 × 10-9 
 
6.59 × 10-8 
 
2.87 × 10-8 
30%-0.1LSC/CGO 4.87 × 10-9 6.38 × 10-8 2.50 × 10-8 
0.4LSC 4.1 ×10-7 [15] 9.18 ×10-8 2.23 × 10-8 
BSCF 4.4 ×10-7– 1.0 ×10-6  
[87; 205; 206]  
5.36 × 10-7 2.81 × 10-7 
 
Another issue related to the high temperature seal is a possible reaction between the 
membranes and glass sealant. It is important to note that the glass sealant used here is 
a SiO2 based glass containing a variety of other constituents such as CaO, SrO, ZnO, 
and B2O3. Figure 8.103 (a) and Figure 8.106 (a) show photographs of 14%-Ag/CGO 
and 30%-LSC/CGO composite membranes after permeation measurements at 800 ºC.  
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An interaction between the membranes and glass sealant was observed in both cases. 
In the case of the 14%-Ag/CGO composite, migration and segregation of silver from 
the bulk onto the membrane surface could be observed on both feed and permeate 
sides near the sealant. SEM images (Figure 8.103 (b), (c) and (d)) show the 
segregation of silver particles onto the membrane surface especially at the area near 
where the glass sealant was applied.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.103. (a)  14%-Ag/CGO membrane after permeation measurement at 800 ºC, (b-d) 
SEM images of the membrane at the area near the edge where the glass sealant was applied(b) 
on the feed side (exposed to air), (c) and (d) on the permeate side (exposed to helium). 
 
 
A BE image of the 14%-Ag/CGO at an area near the glass is shown in Figure 8.104, 
together with the EDS spectra acquired at selected areas as marked in the BE image. 
The bright lumps in the BE image were confirmed by EDS to be silver and the black 
areas were phases containing silicon, calcium and small amounts of silver and copper. 
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The reason for the segregation of silver from the bulk onto the membrane surface is 
not understood; however, it could be because CuO in the composite reacts with the 
elements contained in the glass sealant giving the green color products as appeared in 
Figure 8.103 (a). The reaction between CuO and glass might lead to a destabilising of 
the silver in the bulk resulting in the silver de-wetting the CGO and the segregation of 
silver onto the surface near where the glass sealant was applied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.104. BE image and EDS spectra of Ag/CGO membrane (at selected areas as 
marked in the BE image) after permeation measurement at 800 ºC (at the area near the edge, 
on feed side). 
 
BE micrographs and an EDS element map of silver at the centre of the membrane 
surface (on the permeate side) after operating at 800 ºC for 40 hours are shown in 
Figure 8.105. The small bright white dots in the BE image were assigned by EDS to 
be silver and this showed that there was a segregation of silver particles onto the 
membrane surface (BE image and EDS silver map of fresh sample are shown in 
Figure 4.35). The electrical resistance was measured at room temperature by 
contacting multimeter probes on opposite faces of the membrane. This showed that 
Spectrum 1 Spectrum 2 
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the resistance of the membrane after the permeation experiment at 800 ºC for 40 hours 
was approximately 4 MΩ which was much higher than that obtained from a fresh 
pellet (∼20 Ω).  These results suggest that the silver network in the bulk composite 
was broken (or rearranged) and consequent loss of electronic conductivity was 
responsible for the low oxygen flux obtained from the 14%-Ag/CGO membrane. In 
order to avoid the problem from the reaction between glass sealant and Ag/CGO 
composite membrane, other sealing materials such as metallic sealants (e.g. silver or 
gold) could be used. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.105. BE image and EDS map of silver element of 14%-Ag/CCO membrane after 
permeation measurement at 800 ºC (at the centre, on feed side). 
 
 
Another possibility for the disruption of the silver network in the composite 
membrane could be the evaporation of silver at higher temperature, as it was found 
that the resistance of 14%-Ag/CGO composite after oxygen isotope exchange 
experiment at 800 ºC was also very high compared to the fresh sample whereas the 
resistances of 14%-Ag/CGO composites after oxygen isotope exchange experiments 
at 600 ºC and 700 ºC were similar to that of the fresh sample. However, after the 
surface was removed, the bulk resistance of the Ag/CGO composite after the isotope 
exchange at 800 ºC, was found to become similar to that of the fresh sample.  This 
suggested that at 800 ºC the silver phase at the surface of composite might evaporate 
resulting in surface depletion of silver and a poor electrical contact in the conductivity 
test. This result is in good agreement with the steep decrease in the electrical 
conductivity of the 14%-Ag/CGO composites due to a rearrangement of silver at 
temperature above 750 ºC (see section 4.5.2). As the vapour pressure of silver at     
BE 
20 µm 
Ag 
20 µm 
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800 ºC was reported at 1.3 × 10-5 kPa [116], the working temperature below 800 ºC is 
necessary for the use of Ag/CGO composite membrane to avoid a rapid degradation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.106. (a) 30%-0.1LSC/CGO membrane after permeation measurement at 800 ºC, 
(b) SEM image at the area near the edge where it was coated with glass sealant (c) BE image 
and (d) EDS map of silicon element (at the centre, on permeate side).  
 
 
Figure 8.106 (a) shows photographs of the 30%-0.1LSC/CGO membrane after the 
permeation measurement at 800 ºC. It can be seen that there was a migration of glass 
sealant from the edge of the membrane over its surface on both feed and permeate 
sides. This contamination was more severe on the permeate side where the membrane 
was exposed to helium sweep gas. Silicon was detected on the membrane surface by 
EDS, as presented in Figure 8.106 (d).  These results confirmed that the glass sealant 
crawled over both surfaces of the membrane and caused a detrimental effect by acting 
as a barrier for the surface exchange reaction between gaseous oxygen and the 
Feed side 
Permeate side 
20 µm 
Si 
20 µm 
BE 
1 mm 
c) 
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d) 
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membrane resulting in a low oxygen flux. Furthermore, any silicon diffusion from the 
glass sealant into the LSC/CGO composite might reduce the ionic conductivity of the 
membrane. It is well established that silicon increases the resistance for oxygen ion 
transport across grain boundaries in oxygen ion conductions e.g. for YSZ [207]. To 
avoid the diffusion of the sealant to the membrane effective area, other sealing 
materials such as metallic, glass or glass ceramic sealants with lower viscosity or 
higher softening point could be alternatively used with LSC/CGO membranes. 
 
Summary 
 
Oxygen permeation fluxes of disc-shaped composite membranes of 14%-Ag/CGO 
and 30%-0.1LSC/CGO (1.1 mm thick) were investigated at 800 ºC by exposing the 
membrane feed side to atmospheric air ( '
2OP = 0.21 atm) and sweeping the permeate 
side with helium gas. The measured oxygen fluxes of both 14%-Ag/CGO and 30%-
0.1LSC/CGO were in the order of 10-9 mol.cm-2s-1. These values were much lower 
than expected from the tracer measurements of  D* and k* and the estimated oxygen 
fluxes. These imply that higher oxygen fluxes through both 14%-Ag/CGO and 
LSC/CGO composite membranes could be achieved. 
 
The low oxygen fluxes obtained in this work could be due a problem in the 
experimental permeation setup and the high temperature sealing material used. A 
more sophisticated experimental setup and more suitable sealing materials are needed 
in order to maintain gas tightness and avoid contamination of the membrane surfaces.  
The reaction between 14%-Ag/CGO composite and glass sealant, together with the 
degradation of the membrane resulting from the evaporation of silver at high 
operating temperature (800 ºC) could be responsible for obtaining low oxygen flux of 
the Ag/CGO membrane. Using a metallic sealant (e.g. silver or gold ring) and a 
lowering operating temperature to (e.g. 700 ºC) could help to avoid these problems. In 
the case of LSC/CGO membrane, the reduction of the effective interfacial surface 
area caused by migration of glass sealant was mainly responsible for obtaining a low 
oxygen flux. As a result, using metallic or glass, or glass-ceramic, sealants with lower 
viscosity or higher softening point could be better for the LSC/CGO membrane.   
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CHAPTER  9 
 
Conclusion and Future work 
 
 
New mixed ionic-electronic conducting composite materials of Ag/Ce0.9Gd0.1O2-δ 
(Ag/CGO) and La0.9Sr0.1CoO3-δ or La0.6Sr0.4CoO3-δ /Ce0.9Gd0.1O2-δ (LSC/CGO) were 
prepared and investigated for possible application as pressure driven oxygen 
separation membranes in oxy-fuel combustion systems. The motivation is to combine 
the high oxygen ion conductivity of CGO with the high electronic conductivity and 
fast oxygen surface exchange of silver or LSC. Additionally, studies of these 
composites for oxygen separations have not been reported elsewhere yet. In this 
study, the Ag/CGO and LSC/CGO composite materials were prepared and various 
properties of the composites were investigated including; electrical conductivity, 
thermo-mechanical properties, mechanical strength, oxygen diffusivity, surface 
exchange kinetics and oxygen permeability. 
 
To obtain a high ionic conduction, the dual-phase composites were prepared on the 
basis of minimising the volume fraction of the electronic phase (silver or LSC) while 
maintaining sufficient electronic conductivity. Various methods including powder 
coating, vapour phase and liquid phase penetration, electrodeposition of silver into 
pores of the oxide pre-forms, silver nitrate and silver plus copper oxide infiltrations 
were explored to prepare Ag/zirconia and Ag/ceria composite materials. Due to their 
high stability, zirconia-based materials were also chosen as an ionically conducting 
phase in the preliminary work. In the powder coating method, oxide powders were 
directly coated with silver (using silver nitrate (AgNO3)) before compacting and 
sintering. It was found that the mismatch between high sintering temperatures 
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required for the oxide materials and the high vapour pressure of silver at these high 
temperatures (melting point of silver is 962 ºC) prevented sintering of the composite. 
This method, therefore, was unable to produce gas-tight dense composites with a 
continuous silver phase. In the vapour phase and liquid phase penetration methods, 
porous zirconia and ceria pre-forms were infiltrated with silver metal by vapour phase 
diffusion and liquid phase penetration. In these methods, the high interfacial energies 
between liquid silver-vapour and liquid silver-solid oxide resulted in contact angles 
between silver and the oxides of 91º-96º for YSZ and 107°-133° for CGO. This poor 
wettability between liquid silver and the oxides resisted penetration of silver into the 
porous pre-form oxides. The electrodeposition of silver into a porous oxide pre-form 
using a non-cyanide electroplating solution at room temperature was also found to be 
unsuitable for fabricating the dense Ag/oxide composite with uniform continuous 
silver phase throughout the oxide matrix. The lack of success using this technique 
was believed to be a result of a characteristic feature of the electrodeposition process 
by which the metallic phases tend to grow unevenly in the porous matrix [178]. 
 
A continuous silver phase in zirconia and ceria matrices was successfully prepared by 
liquid infiltration of AgNO3. This method was developed by taking advantage of the 
high mobility of molten AgNO3 (melting point of AgNO3 is 210 °C [156]) and also 
the good wetting property of silver nitrate on the oxide interfaces. The contact angle 
between silver introduced by AgNO3 and CGO were found to be 28º-70°. In this 
method, molten AgNO3 was infiltrated into porous pre-form oxides followed by 
decomposition of the nitrate at 500 ºC. The resulting Ag/Sc-YSZ, Ag/YSZ and 
Ag/CGO composites showed good electrical conduction indicating that the silver 
phase was distributed throughout the porous matrices.  However, in order to obtain a 
composite with good electrical conduction, repeating the infiltration and heat 
treatment steps was required to increase silver content in the composites. These 
repeated processes are time consuming and therefore not suitable for practical 
fabrication. In addition, due to redistribution of silver in the pore of the pre-form 
oxide when the nitrate was decomposed, gas-tight dense materials could not be 
achieved even in the composites with high silver contents.  
 
Dense mixed conductive Ag/CGO composites with low volume fractions of silver 
were successfully produced by infiltration of porous CGO pre-forms with molten 
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silver plus copper oxide (CuO).  This technique was motivated by literature reports 
that Ag-CuO liquid exhibited good wetting for ceramic oxide brazing and infiltration 
applications. Due to the likely high operating temperature required for Ag/zirconia 
membranes, only the Ag/CGO composite membranes were subsequently developed 
for oxygen separation application targeting 600-800 °C. The contact angles between 
Ag-CuO (4-8 mol%) and CGO were found to be ~20°-35° indicating Ag-CuO liquid 
could wet the oxide ion conductor surfaces. This impressive improvement in the 
wetting property was suggested by Meier et al. [179] to be because the addition of 
oxygen provided by CuO to the liquid silver could lower the liquid silver-vapour 
interfacial energy and this might also lead to lower the liquid silver-solid oxide 
interfacial energy. The optimum condition for preparing the Ag/CGO composites 
with a minimum continuous silver network was to infiltrate molten Ag-6 mol% CuO 
into porous pre-formed CGO having ∼82% density at      1050 ºC for 30 min. By 
using this condition, the Ag/CGO composite contained        14 vol.% silver phase and 
had low residual porosity (∼96 % relative density) and also exhibited a negligible 
residual gas leakage rate at room temperature, these results indicated that a gas-tight 
dual phase Ag/CGO composite was achieved. XRD and EDS results showed no 
evidence of reaction between Ag-CuO and CGO phases. The electrical conductivity 
of the 14%Ag/CGO composite was examined by the 4-probe D.C. technique. The 
composite showed good electrical conduction indicating that the silver phase in the 
composite formed a three-dimensional interconnecting network and 14 vol.% of 
silver was above the percolation threshold of the electronic conductor. This 
percolation threshold of 14 vol.% of silver is much lower than the percolation 
threshold of Ag/oxide composites obtained from typical conventional powder mixing 
methods (∼ 30-40 vol.% of silver phase [74]). This indicated the 14%-Ag/CGO 
composite prepared by infiltration of porous CGO pre-forms with molten silver plus 
CuO method could fulfill the objective to minimise the use of precious metal phase 
and also maximise the volume fraction of high ionic conducting phase, CGO. 
 
Mixed-conducting composites of both 0.1LSC/CGO and 0.4LSC/CGO were prepared 
by conventional powder mixing and sintering at 1150 ºC for 4 hours. This sintering 
temperature was found to be lower than the sintering temperature of both of their 
parent materials, LSC at 1300 ºC and CGO at 1400 ºC. This result is believed to be 
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due to cobalt in the perovskite phase (LSC) causing an improvement of the sintering 
characteristic of the major phase, CGO. The composites had very low residual 
porosities, high relative density (above 95%) and negligible background gas leakage. 
This indicated that gas-tight materials were achieved. XRD lattice parameter 
measurements and EDS analysis indicated that there was an interdiffusion of 
lanthanum and strontium cations from the LSC into the fluorite phase (CGO) and this 
also resulted to a formation of small quantities of CoO phase. The percolation 
threshold of the electronically-conducting phase was determined from a D.C 
conductivity to be approximately 20 vol.% for both LSC compositions. Above the 
percolation threshold, the composited contained three-dimensional interconnecting 
LSC and CGO networks and became a predominantly electronic conductor. The 
activation energy for total conductivity (EσT) of the composites above the percolation 
threshold (20%-LSC or greater) was found to be similar to LSC whereas EσT of the 
composites containing 10% of LSC was close to CGO. These results indicated that 
adding LSC to the composites lowered the apparent activation energy for electrical 
conduction since the activation energy for hole hopping even in semiconducting 
0.1LSC is much lower than for oxygen diffusion in CGO.  
 
Mass transport through the Ag/CGO and LSC/CGO composites was study by 
investigating the oxygen tracer diffusion (D*) and surface exchange coefficient (k*) 
using the Isotope Exchange Depth Profiling/Secondary Ion Mass Spectrometry 
(IEDP/SIMS) technique.  The composites behaved as a homogeneous effective 
medium and most of the diffusion profiles in the current work fitted well to semi-
infinite solution to the diffusion equation determined by Crank (Eq. 3.55) [159]. Both 
Ag/CGO and LSC/CGO composites showed high oxygen diffusivities and surface 
exchange properties. The 14%-Ag/CGO composite showed slightly higher D* and 
much higher k* than CGO at all temperatures. The slightly higher D* of the14%-
Ag/CGO composite could be a result of the high oxygen diffusivity in silver as the 
oxygen diffusion coefficient of silver (Do) has been reported to be much higher than 
the oxide phase. The activation energy for oxygen diffusion  (ED*) in 14%-Ag/CGO 
(0.69 eV) is intermediate between the activation energy for silver permeation        
(0.62 eV) and CGO diffusion (0.88 eV [101]) indicating that oxygen probably 
transports through both CGO and silver phases.  The large improvement of the surface 
exchange reaction of the 14%-Ag/CGO composite is believed to be because the 
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availability of electrically conducting species for the oxygen adsorption/dissociation 
process provided by the silver leads to an acceleration in the rate of oxygen ion 
incorporation into the CGO phase. The activation energy obtained for surface 
exchange (Ek*) of the 14%-Ag/CGO (1.17 eV) composite was much lower than for 
CGO (3.3 eV (>700 ºC) [100]) indicating that the surface exchange reaction of the 
composite is controlled by the fast oxygen exchange rate on the silver phase at triple 
phase boundaries. However, the actual mechanism for the effects of silver on the 
oxygen diffusion and surface exchange of the Ag/CGO composite are not clearly 
understood and further work is required in order to clarify these processes. 
 
D* and k* of the LSC/CGO composites exceeding the electronic percolation threshold 
were also investigated. 30%-0.1LSC/CGO, 20%-0.4LSC/CGO and 30%-
0.4LSC/CGO composites were found to have oxygen diffusivity close to that of the 
ionic-conducting phase, CGO. The oxygen diffusivity in the 30%-0.1LSC/CGO 
composite was slightly lower than in CGO electrolyte due to the low oxygen 
diffusivity in 0.1LSC whereas oxygen diffusivities of 20%-0.4LSC/CGO and 30%-
0.4LSC/CGO composites were similar to that of the CGO due to the relatively high 
oxygen diffusivity in 0.4LSC.  The ED* of the composites in all cases was similar to 
that of CGO (∼ 0.68-0.88 eV for CGO and the composites and 1.50 eV for 0.1LSC 
and 1.58 eV for 0.4LSC) indicating that oxygen transport in the composites was 
generally through the continuous CGO phase. The surface exchange coefficients of 
the composites were found to be much higher than CGO but approximately equal to 
those of the mixed conducting (predominantly electronic), LSC phase. As lattice 
oxygen vacancies and electrons are both involved in the exchange of oxygen at the 
surface of these oxides, this result suggests that there was a synergistic effect on 
surface exchange at the interface between the two phases with the mixed-conducting 
0.1LSC or 0.4LSC supplying the electronic species for the charge transfer reaction 
and the CGO supplying the mobile oxygen vacancies [6]. Therefore, it seemed that 
the surface exchange reaction of the LSC/CGO composites occurred predominantly at 
the triple-phase boundaries and the enhanced effective exchange coefficient of the 
LSC/CGO could be a result of the extended effective three phase boundaries. The Ek* 
of the LSC/CGO composites (∼ 1.07-1.87 eV) were much lower than for CGO, but 
similar to those of the LSC materials reflecting that the surface exchange activity of 
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the composites was dominated by the fast oxygen exchange rate on the LSC phase. 
There was no indication that the interdiffusion of cations between LSC and CGO 
phases in the composite and the formation of minor amounts of CoO during the 
sintering had significantly affected to the electrical performance, oxygen diffusion 
and oxygen surface exchange properties of the LSC/CGO composites. 
 
Thermo-mechanical properties and mechanical strength of the Ag/CGO and 
LSC/CGO composites were also investigated in this study. Dilatometry was used to 
examine the thermal expansion of the composites. 14%-Ag/CGO composite was 
found to exhibit similar TEC to that of CGO at ~12 × 10−6 K−1. This could be because 
silver has a much lower elastic modulus and yield stress than CGO; therefore, it was 
unable to exert any appreciable stress on the CGO resulting in a negligible effect on 
the overall TEC of the composite. Conversely, TECs of LSC/CGO composites (30%-
0.1LSC/CGO, 20%-0.4LSC/CGO and 30%-0.4LSC/CGO) were found to simply 
follow the rule of mixtures in which the TECS increase with increasing content of the 
high thermal expansion phase, LSC. In term of membrane design, both Ag/CGO and 
LSC/CGO composites possess intermediate TECs (12.80-15.01 × 10−6 K−1) offering a 
better thermo-mechanical property matching to other likely structured materials than 
single phase mixed conductors. The room temperature hardness and toughness of the 
composites were studied using Vickers indentation. Due to a relatively low volume 
fraction of silver phase, the hardness and KIC of the 14%-Ag/CGO composite, 7.30 
GPa and 1.82 MPa.m1/2, were found to be similar to CGO. The hardness and KIC of 
LSC/CGO composites, 8.16-8.50 GPa and KIC 1.81-2.10 MPa.m1/2, were higher than 
their constituent materials. This improvement in mechanical properties of the 
LSC/CGO composites could be because LSC phase dispersed in the CGO matrix 
could stop the crack growth, perhaps due to residual internal stress induced by the 
difference in thermal expansion coefficients. 
 
The preliminary work on a measurement of oxygen permeation fluxes was carried out 
on disc-shaped composite membranes of 14%-Ag/CGO and 30%-0.1LSC/CGO (1.1 
mm thick) at 800 ºC by exposing the membrane feed side to atmospheric air ( '
2OP = 
0.21 atm) and sweeping the permeate side with helium gas. Due to a failure to 
maintain gas tightness in the system and a contamination of the membrane surfaces by 
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glass sealant, the low oxygen flux observed in this work might be misleading. In this 
experiment, the rate of oxygen permeability through the composites should be 
controlled by both solid state diffusion and surface oxygen exchange reaction as the 
membrane thicknesses used (1.1 mm) were close to the characteristic limiting 
membrane thicknesses, Lc (defined as D*/k*). The measured oxygen fluxes of both 
12%-Ag/CGO and 30%-0.1LSC/CGO (in the order of 10-9 mol.cm-2s-1) were much 
lower than expected from the D* and k* after estimating the oxygen fluxes using    
Eq. 2.12 and Eq. 2.29. This implies that higher magnitude oxygen fluxes are possible 
from the Ag/CGO and LSC/CGO composites if the problems related to the 
experimental permeation setup and the high temperature sealing can be solved. Since 
the evaporation and rearrangement of silver at high operating temperature (800 ºC) 
was found to deteriorate the membrane performance, operating temperature at        
700-600 ºC is suggested to be better for the 14%-Ag/CGO membrane. In the case of 
LSC/CGO composites, although the composites have high oxygen surface exchange 
rate close to LSC, coating the composite membrane with a graded porous LSC may 
provide additional benefit in increasing the reaction site density and interfacial 
activity leading to an improvement of the membrane performance.  
 
Both dense 14% -Ag/CGO and 20%-0.4LSC/CGO show good electrical conduction, 
high oxygen diffusion and surface exchange property. The composites also offer 
thermo-mechanical property matching to other materials, sufficient mechanical 
strength and promising oxygen permeability. Based on these results it could be 
concluded that both the 14%-Ag/CGO and 20%-0.4LSC/CGO composites are 
promising to be developed as passive oxygen separation membranes. However, 
further work on oxygen permeation measurement is required before definite 
conclusions can be drawn. As reliable data on oxygen permeability of the Ag/CGO 
and LSC/CGO composites are required to evaluate the membrane performances, 
further work on oxygen permeation measurement with a more sophisticated 
experimental setup and more suitable sealing materials is needed to be done. In 
addition, further investigation on the membrane performance under different oxygen 
partial pressure gradients and long term operational stability would also provide 
useful information in terms of a practical application. 
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